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Get the balance right, get the balance right
When you think you’ve got a hold of it all 
You haven’t got a hold at all 
When you reach the top, get ready to drop 
Prepare yourself for the fall, you’re going to fall 
It’s almost predictable
Depeche mode -  Get the balance right (1983)

ABBREVIATIONS COM Centre O f Mass
EMG Electromyography
SL Short-latency response
ML Medium-latency response
LL Long-latency response
APR Automatic postural response
SCA Spinocerebellar ataxia
A-P Anterior-posterior
M-L Medio-lateral
LEDs Light-emitting diodes
IREDs Infrared-emitting diodes
ANOVA Analysis of variance
Hz Hertz
KHZ Kilohertz
dB Decibel
Ms Millisecond
SD Standard Deviation
MANOVA Multivariate Analysis of variance
CNS Central Nervous System
AUC Area Under the Curve
CI Confidence Interval
SPL Sound Pressure Level
IS Imperative Stimulus
HR Head rotations
RT Reaction time Task
COP Centre O f Pressure
PSP Progressive Supranuclear Palsy
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FALLS
The prevalence of falls
The impact of falls is enormous, not only for 
affected individuals, but also for the society at 
large. More than one third of the elderly popu­
lation over 65 years of age has experienced at 
least one significant fall, and half of them even 
fall several times a year.1;2 With the aging of 
our population, the number of falling inci­
dents is likely to increase considerably in the 
years to come.
The consequences of falls
Falls frequently result in physical injuries, 
including severe trauma such as hip and wrist 
fractures. As an indication, the incidence of 
hip fractures in the Netherlands is increasing 
steadily, reaching about 22,000 per year by the 
year 2010.3 Importantly, the average survival 
rate of fallers is significantly reduced compared 
to people who have never fallen before.4 Falls 
are the leading cause of death caused by acci­
dents in the elderly population.2* 6 In 2008 
alone, 2600 people died in the Netherlands 
following home and leisure accidents, 80% of 
which could be attributed to falls.7
Besides injuries, falls can also have other 
deleterious consequences. Falls may lead 
to a secondary ‘fear of falling’, which may in 
turn lead to immobilization and even social 
isolation.8;9 This immobilisation may lead to 
further decreases in health status and general 
well-being. Furthermore, falling is associated 
with an increased risk of being admitted to a 
nursing home. Overall, falls lead to enormous 
costs for public health services. In the
Chapter 1
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Netherlands, the direct costs of injuries due to 
home and leisure accidents, half of which are 
fall-related, are about €2.1 billion per year.10
Understanding falls
The pathophysiology underlying falls is 
complex. Multiple risk factors have been iden­
tified that are all associated with falls, even 
when present in isolation.1 Concurrent pres­
ence of several risk factors further increases 
the risk of falling. This complex pathophysi­
ology makes it difficult to predict whether 
an individual person will sustain falls in the 
near future. Thus far, the most consistent and 
reliable predictor of a future fall is simply 
the occurrence of prior falls.11;12 Given that 
the very first fall incident can already cause 
considerable damage, a better and more 
detailed insight into the pathophysiological 
mechanisms underlying a fall is highly desir­
able, in order to develop better paradigms to 
predict (and possibly prevent) future falls.
There are many ways to classify the risk factors 
for falls. One useful distinction is between 
‘internal’ or patient-related factors (e.g. ortho­
static hypotension, balance impairment, 
medication use) versus ‘external’ or envi­
ronmental factors, such as trips and slips, or 
being bumped in a busy crowd.13;14 Obviously, 
any pathological deterioration in the normal 
balance control system will increase the risk 
of falling. Balance impairment is common 
in the elderly, and can be the result from a 
wide range of disorders, including vestibular 
pathology, visual disturbances or neurological 
disorders such as Parkinson’s disease.1;15 Better 
insights in the underlying pathophysiology 
can be gained by detailed studies of patients
General introduction
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with various disorders that result in balance 
impairment. In addition, it is important to 
study normal balance regulation, for example 
by manipulating and challenging postural 
controls mechanisms in healthy individu­
als. The work presented in this thesis will be 
restricted to the latter approach.
BALANCE CONTROL
Upright posture
Humans are fairly unique in their use of a 
bipedal upright position, which is flexible but 
also more unstable compared to the quadruple 
position of most mammals. The control of 
human upright posture is highly complex.16 
It is generally accepted that human upright 
stance is achieved by feedback mechanisms 
that generate an appropriate corrective torque 
based on body-sway motion detected primar­
ily by visual, vestibular and proprioceptive 
systems.17 Biomechanically speaking, the 
fundamental principle of standing upright 
is to hold the body’s centre of mass (CoM) 
within the limits of stability, often defined as 
the base of support, formed by the two feet on 
the ground. The body can thus be depicted as 
an ‘inverted pendulum’. This pendulum can 
move around the ankle joints (the so-called 
‘ankle strategy’)18, or as two pendulums that 
move around the hip (the so-called ‘hip strat- 
egy’).19-21 These models are mainly used for 
movements in the saggital plane. Under most 
dynamic conditions, a continuum of segmen­
tal movements throughout the body is used to 
correct overall instability, and this is called the 
‘multilink strategy.22-24
Balance reactions
Balance reactions can be triggered internally, 
e.g. by shifting weight during the swing phase 
when walking, or by reaching for an object. 
However, they can also be triggered externally, 
e.g. by a push, pull, or a visual change of the 
surroundings.16
Any disturbance of balance demonstrates 
the complex yet highly coordinated response 
of the nervous system to prevent the occur­
rence of a fall. The induced motion of different 
body parts is detected by vestibular and visual 
systems, as well as the proprioceptive system. 
The latter system senses the stretch and release 
of muscles acting across joints, as well as the 
angular motions of the joints themselves.25 
Information from all these sensory systems is 
weighed and integrated by the central nervous 
system (this is presumably a function of the 
basal ganglia), and then translated into an 
appropriate corrective motor program, to 
enable an adequate response to prevent a fall.26- 
28
In general, balance reactions consist of a 
cascade of responses that range from purely 
passive, (achieved through body inertia and 
visco-elastic properties of stretched ligaments 
or muscles) to purely active (either reflexive or 
voluntary) reactions. Within the active reac­
tions, reflexive reactions occur too early and 
are too stereotyped to be under conscious 
control. Voluntary balance reactions are a 
result of conscious decision making, and 
therefore occur much later but include a much 
wider repertoire of movements. Most balance 
reactions reside somewhere between both 
ends of this spectrum, and have been termed 
‘automatic postural responses’ (APR’s).16
15
MEASURING BALANCE 
REACTIONS
Posturography
One commonly used technique to evaluate 
human balance control is dynamic posturog­
raphy (Box 1.1). Dynamic posturography uses 
standardized balance perturbations, often 
through sudden movements of a support 
surface.16;29 Specifically, subjects are instructed 
to maintain an upright position while standing 
on a movable support surface that is suddenly 
being tilted or translated. Balance reactions are 
then assessed in several ways, for example by 
measuring muscle activity with surface elec­
tromyography (EMG), or by measuring the 
kinetics or kinematics of the postural response.
MODULATION OF HUMAN 
BALANCE REACTIONS
Modulating specific elements of balance reactions
When using dynamic posturography, specific 
elements of the cascade of balance reactions 
can be probed or modulated, and this may 
provide a better understanding of mechanis­
tic, physiological and pathophysiological prin­
ciples. For example, the trigger of the balance 
reaction can be manipulated, by changing the 
temporal and spatial parameters of the plat­
form movement. Furthermore, the impulses 
generated in different parts of the nervous 
system can be influenced. For example, visual 
feedback can be decreased (e.g. through eye 
closure), or proprioceptive feedback can be 
manipulated (e.g. by standing on a compliant
Chapter 1
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surface).16;42;43 It is also possible to use ‘sensory 
perturbations’ such as galvanic vestibular 
stimulation44, movements of the visual scene45, 
or tendon vibration.46 In addition, the kine­
matic output of the reactions can be manip­
ulated directly, for example by restricting 
selected body movements using stiff corsets, 
thus eliminating motion of e.g. the ankle, knee 
or trunk.47;48
Habituation of balance reactions
So far, reactive postural responses were mainly 
addressed. However, in dynamic posturogra­
phy experiments, feed forward (or anticipa­
tory) postural responses also play a role in 
generating effective balance reactions when 
stance is perturbed. One example is particu­
larly apparent in posturography experiments, 
where typically a series of identical balance 
perturbations is used. When using such a 
design, habituation of balance reactions occurs 
(Box 1.2). One commonly used way to cancel 
out the effect of habituation is to average the 
responses to a large number of consecutive 
perturbations for each participating subject, 
and to include this individual grand average 
into the overall results of the study popula­
tion. An additional measure is to remove the 
response to the first balance perturbation from 
further analyses, as the greatest habituation is 
said to occur between the first and a consecu­
tive second perturbation.37;49 However, both 
approaches ignore the fact that habituation is 
probably very relevant for understanding the 
occurrence of falls in daily life, where falls are 
usually single and unpractised events that are 
rarely repeated under identical circumstances. 
For understanding such real life falls, analy­
sis of the postural response to the very first
General introduction
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Box 1.1 Dynamic Posturography
Dynamic posturography involves the use o f experimentally induced 
balance perturbations, as a means to investigate human balance 
control. A common variant is the use of a movable support surface 
upon which subjects are standing. Balance is perturbed by translat­
ing the support surface (mostly horizontally), rotating the surface, or 
combinations thereof (Figure 1.1). Many investigators use rapid and 
brief perturbations in order to study immediate defensive postural 
reactions.30131 An alternative approach is to apply external perturba­
tions aimed directly at upper body segments, for example by push­
ing and pulling the trunk, shoulder or pelvis.23132 A key element of 
posturography is the ability to selectively manipulate specific elements 
o f postural control, e.g. vision (eye closure) or proprioceptive feed­
back (e.g. by standing on a compliant surface).
Inherent to all posturography measurement techniques is the ability 
to quantify posture or balance in an objective manner. Biomechanical 
outcome measures can be separated into kinematics -  analysis o f how 
body parts move (Figure 1.2) -  and kinetics, the analysis o f forces and 
joint moments. Alternatively, (surface) electromyography (EMG) can 
be used to measure muscle activation patterns (see Figure 1.3).
The cascade of balance reactions
One way to measure balance control is to record muscle activity, for 
example from the musculature surrounding the ankle joints (Figure
1.3). The earliest visible active responses are referred to as stretch 
reflex activity, or short-latency responses (SL). These monosynaptic 
reflexes, which are spinally relayed, occur more or less between 40 and 
80 ms post-stimulus.33-35 The terminology for responses within the 
category of the previously mentioned 'automatic postural responses’ 
(APRs) is inconsistent and sometimes confusing, as APRs may be 
divided into medium-latency (ML, around 80-120 ms)36-38 and long- 
latency (LL, around 120-220 ms)34;39;40 responses. The characteristics 
o f APRs are different from true voluntary reactions, in that they are 
faster (in muscles around 80 to 220 ms for APRs, as opposed to 220 ms 
and more for true voluntary reactions). They are also different from 
stretch reflexes, because APRs are much more, context-specific and 
variable suggesting greater potential for mediation by polysynaptic 
spinal pathways and modification by supraspinal structures.see for review 41
Figure 1.3 Term inology o f postural responses when m easured using surface e lectro ­
myography. Responses are illustrated for commonly used toe-up rotations, which induce 
a rapid ankle dorsiflexion. In the stretched soleus muscle, a short latency (SL) response 
or monosynaptic spinal reflex and a medium latency (ML) response, polysynaptic spinal 
response or functional stretch reflex are distinguished. In the tibialis anterior muscle 
a long latency (LL) response, balance correcting response or shortening reaction is 
observed. These automatic postural responses are followed by more voluntary balance 
reactions, which usually blend with the preceding balance reactions.
movements. Classical examples of 
platform rotation (A) and translation 
(B) are depicted (adapted from Bloem 
et al., 2003). The ankle is dorsiflexed 
when the platform is rotated backward 
(toes up) or translated backward.
Figure 1.2 B iomechanical outcom e 
measures. Examples of kinematic and 
kinetic measurements used in dynamic 
posturography. Cameras track move­
ments of passive reflective markers, or 
active markers (infra-red light emitting 
diodes) that are attached to the body. 
Accelerometers record accelerations 
of body segments (mostly with greater 
accuracy compared to the motion 
analysis system). Torques are derived 
from strain gauges placed under the 
support-surface platform.
17
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balance perturbation may be more illuminat­
ing. We will discuss this in more detail in the 
next paragraph.
First trial reactions in posturography experiments -  
a better representation of daily life?
Falls in everyday life are sudden and unex­
pected events, without prior training and 
habituation. Recognition of this fact has impli­
cations for estimating the ecological validity of 
typical posturography experiments. Presum­
ably, the balance response to the very first 
perturbation of the support surface is most 
representative for what is happening in real 
life, certainly much more so than the grand 
average of a whole series of balance perturba­
tions. Interestingly, some investigators have 
remarked on this so-called ‘first trial reac­
tion’, and noted that it appears to be different 
from all of the ensuing reactions. One notable 
difference is that the amplitude of the EMG 
response evoked by the very first balance 
perturbation is excessively large.37;49 First trial 
reactions have been observed in experiments 
under widely varying conditions, for example 
during unexpected slips when walking, when 
stepping onto a broken escalator, or during 
rear-end impact collisions while subjects are 
seated, thus evoking whiplash-like movements 
of the head.49-55 The unique ‘information’ from 
such first trial reactions inevitably disappears 
when using the customary approach of aver­
aging consecutive responses in a posturogra­
phy experiment. In fact, many studies even 
exclude the first trial reaction completely from 
the final analyses.30;47;56 Moreover, many inves­
tigators allow their subjects to customise to 
the experimental conditions by experiencing
18
a few ‘practice trials’ before the actual experi­
ment starts, so a true very first trial is not even 
recorded.31;57
OPEN QUESTIONS
Despite the widespread knowledge that has 
been gained from posturography experiments, 
many questions remain unanswered, several of 
which will be addressed in this thesis.
Direct modulation of kinematic responses
What would happen if balance reactions are 
modulated by eliminating a certain compo­
nent of the normal balance reaction (for 
example, when the knees are artificially stiff­
ened using a cast)? This is a relevant ques­
tion, because recent research has emphasized 
the use of knee movements as a crucial part 
of the response to multidirectional support- 
surface perturbations.31*67-69 Furthermore, 
normal aging and certain diseases are associ­
ated with both balance impairment and limita­
tions in body movements, e.g. in the knees.56;69- 
74 Whether loss of knee motion is a cause or 
consequence of balance impairment (and thus 
a source of falls) remains unknown.
In Chapter 2  the effect of artificially reduced knee 
movements on balance control is examined. In 
addition, comparisons are made with patients 
with spinocerebellar ataxia (SCA), where a falling 
tendency is known to coincide with a lack of suffi­
cient knee flexion during posturography experi­
ments.56
The previous question can also be approached 
from the opposite side. What is the effect of an 
(exaggerated) active movement on the modu­
lation of balance reactions?
General introduction
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Box 1.2 Habituation
When a balance response is triggered repeatedly by an 
identical type of perturbation, a decrease in the EMG 
amplitude of the evoked balance reactions occurs. 
This process is generally referred to as habituation (or 
adaptation). The phenomenon has been described as a 
successive decrease in response amplitudes with stim­
ulus repetition,29;37;58 mainly for EMG responses. This 
phenomenon can be interpreted as a progressive altera­
tion of the reflex gain of long-latency reflexes, which 
usually occurs within three to five stimuli (Figure
1.4).29 Habituation can take place on several levels, 
from the basic neural level (changes in excitability) to 
behavioural habituation (changes in the economy of 
balance reactions).37;57-62 Although it is not clear which 
levels play a role in posturography experiments, habit­
uation does appear to play a significant role. To reduce 
the influence of habituation in these posturography 
experiments different techniques have been applied. 
This included the use of random variations in stimulus 
characteristics, such as perturbation directions,30;31;63 
the time-to-peak acceleration, or the peak velocity and 
amplitude of the support-surface displacements.64-66
Figure 1.4 Habituation o f b iom echanical responses 
to  consecutive p latform  ro tations. A representative 
sequence o f medium-latency responses is shown during 
four consecutive toe-up platform rotations (adapted from29). 
EMG recordings were taken from the medial head of the 
gastrocnemius muscle.
Will subjects anticipate the extra movements 
in a specific way? If subjects can incorporate 
the requested extra movement in their balance 
strategy, it may even be beneficial. If so, this 
could lead to new rehabilitation strategies to 
prevent future falls.
In Chapter 3 reactive balance responses to 
suddenly moving support surfaces are combined 
with voluntarily performed knee flexions that are 
triggered using both visual and auditory cues.
The impact of the first trial reaction on postural 
control
Comparisons between different test popula­
tions -  e.g. patients versus matched controls -  
have typically been based on analyses of habit­
uated responses that were elicited by a series 
of identical balance perturbations. Although 
a first trial is a rare situation in a posturogra­
phy experiment, information from such first 
trial reactions may provide better insights 
into differences between study populations, 
compared to the habituated responses. Do first 
trial reactions lead to excessive balance correc­
tions, or perhaps even affect balance in a nega­
tive way? Is it possible to re-trigger first trial 
reactions when perturbation directions are 
suddenly changed? Finally, do differences exist 
in first trial responses between different pertur­
bation directions, e.g. when falling forward or 
backward? This latter question is dictated by 
earlier observations that both healthy humans 
and patients with a variety of neurological 
conditions show a directional preponderance 
of their instability when perturbed in multiple 
directions.31^ 72
19
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In Chapter 4  the influence of the first and fully 
unpractised balance disturbance on postural 
control is compared to the impact of the ensuing 
(more habituated reactions to) identical balance 
disturbances. Furthermore, we will also examine 
whether first trial responses can be re-evoked when 
fully habituated subjects are suddenly perturbed in 
a new and different direction.
The neurophysiological mechanism 
underlying the first trial reaction
The first trial reaction is a fairly unique 
response that has been termed “startle-like” 
in previous experiments4^ 75, suggesting an 
analogy between the first trial response and 
the acoustic startle reflex (see Box 1.3).76 Both 
responses are elicited by sudden stimuli, and 
for both types of responses the amplitude 
of the first trial reaction is known to rapidly 
habituate with repeating trials.37;77 Does the 
first trial reaction indeed show similarities to 
(parts of) the human auditory startle reflex?
In Chapter 5 the neurophysiological characteristics 
of the first trial reaction (evoked by sudden and 
unpractised balance perturbations) are compared 
directly to those of the acoustic startle reflex (as 
evoked by unexpected loud acoustic stimuli).
Acceleration of movements through startle
When hypothesizing that balance reactions 
actually contain portions of the human startle 
reflex, the question arises what the functional 
significance of this combination would be. 
Startle reflexes are thought to be part of the 
normal motor repertoire in the context of 
“fight-or-flight” behaviour, allowing humans 
to respond more quickly. Thus, movement 
onsets in simple reaction time tasks are accel­
erated when the required ballistic movements 
coincide with startling acoustic stimuli, a 
process termed the StartReact effect.7^ 79 A
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functional role of startle responses would 
become more likely if the StartReact effect is 
also present in more complex behaviour, for 
example in choice reaction time tasks.
In Chapter 6  we investigated the functional influ­
ence of acoustic startle responses on the execution 
of a choice reaction time task.
Box 1.3: Human Startle Reflex
The human startle reflex can be defined as a 
fast response to a sudden, high-intensity stimu­
lus, e.g. auditory or tactile.80 The best described 
startle response in humans is the one to sudden 
loud acoustic stimuli.79:81:82 This auditory startle 
reflex is characterized by fast muscular contrac­
tions, that are presumably triggered within the 
reticular formation of the brainstem. The earliest 
reactions are seen in muscles innervated directly 
from brainstem structures. From this level, onset 
latencies of other muscle responses progressively 
radiate downward (Figure 1.5A). The classic body 
movement following acoustic startling stimuli is a 
‘crouching’ response (Figure 1.5B).76
Figure 1.5 The aud itory  s tartle  reflex. (A) Traces of electro­
myographic activity following a sudden, loud acoustic stimu­
lus. The onset o f muscle activity is earliest in muscles situated 
near to  the brainstem (masseter and sternocleidomastoid) 
and is followed by muscles situated further away. (B) Draw­
ing o f the classic body movement to  startle (adapted from76). 
This so-called ‘crouching’ response was observed in a study 
in which a pistol shot was used as an auditory stimulus.
2CHAPTER 2
The influence of knee rigidity on 
balance corrections
ABSTRACT
Knee rigidity due to aging or disease is associated with falls. A causal relationship between 
instability and knee rigidity has not been established. Here, we examined whether insufficient 
knee movement due to knee rigidity could underlie poor balance control in patients. We 
addressed this by examining the effect of artificially “locking” the knees on balance control in 
18 healthy subjects, tested with and without individually fitted knee casts on both legs. Subjects 
were exposed to sudden rotations of a support surface in six different directions. The primary 
outcome measure was body centre of mass (COM) movement, and secondary outcome measures 
included biomechanical responses of the legs, pelvis and trunk. Knee casts caused increased 
backward COM movement for backward perturbations and decreased vertical COM movement 
for forward perturbations, and caused little change in lateral COM movement. At the ankles, 
dorsiflexion was reduced for backward perturbations. With knee casts, there was less uphill hip 
flexion and more downhill hip flexion. A major difference with knee casts was a reversed pelvis 
pitch movement and an increased forward trunk motion. These alterations in pitch movement 
strategies and COM displacements were similar to those we have observed previously in patients 
with knee rigidity, specifically those with spinocerebellar ataxia (SCA). Pelvis roll and uphill arm 
abduction were also increased with the casts. This roll movement strategy and minor changes in 
lateral COM movement were not similar to observations in patients. We conclude that artificial 
knee rigidity increases instability, as reflected by greater posterior COM displacement following 
support surface tilts. Healthy controls with knee casts used a pitch movement strategy similar 
to that of SCA patients to offset their lack of knee movement in regaining balance following 
multidirectional perturbations. This similarity suggests that reduced knee movements due to 
knee rigidity may contribute to sagittal plane postural instability in SCA patients and possibly in 
other patient groups. However in the roll plane, healthy controls rapidly compensate by adjusting 
arm movements and hip flexion to offset the effects of knee rigidity.
Published as:
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INTRODUCTION
The human body during quiet stance and after 
small perturbations of upright stance is often 
pictured as moving like an inverted pendu­
lum, with rotations about the ankle as the most 
important means of controlling balance.83;84 
Another recovery strategy, the hip strategy, 
is characterized by anti-phasic ankle and hip 
rotations, and is used to describe movements 
following perturbations with larger centre 
of mass (COM) excursions85;86 and higher 
frequency (above 1 Hz) movements during 
stance.87 Recent research, however, has empha­
sized the use of knee movements as part of the 
response to multidirectional support-surface 
perturbations.31*67-69 Difficulties with control­
ling balance and movement are symptoms 
of many different neurological conditions, 
including, e.g. Parkinson’s disease, cerebellar 
ataxia, vestibular loss and stroke.56;69;71-74 The 
mechanisms underlying postural instability in 
such patients have been studied using static or 
dynamic posturography. During posturogra­
phy experiments, where subjects are exposed 
to sudden tilts of a supporting surface, a 
common characteristic of these diseases which 
has emerged is a lack of sufficient knee flexion 
concurring with falls.56;69 It was suggested that 
this knee rigidity caused by insufficient active 
knee flexion underlies both the increased 
lateral sway and enhanced forward trunk 
pitch that were also observed in these patient 
groups56;69, and it is possible that this loss of 
knee flexibility contributes to their everyday 
movement problems. Another mechanism 
underlying knee rigidity is increased joint 
stiffness. This can be due to higher background 
knee muscle
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activity56 possibly as part of a changed move­
ment strategy. For example, patients with total 
knee arthroplasty tend to change their strate­
gies to control motion during walking, stair 
climbing, and balance corrections88-90, perhaps 
due to postoperative loss of knee proprio­
ception and compensatory active stiffening 
of knee muscles. Such an increased intrinsic 
knee stiffness with aging may also contribute 
to the increased risk of falling seen in elderly 
populations, as does weakness or fatigue of 
knee muscles.91;92 Finally, reduced passive joint 
motion due to inelasticity of connective tissue 
and ligaments may also underlie knee stiffness 
causing movement rigidity. One technique 
that may be employed to gain insights into 
the role of a specific joint in balance control is 
to artificially lock the joint, to such an extent 
that it is held rigid. For example, the impor­
tance of ankle motion to balance control was 
exemplified by studies of subjects fitted with 
ankle casts.48 Similarly, the contribution of 
motion about the hips and lumbo-sacral joints 
to balance control has been studied in healthy 
adults whose hips and lower trunk were arti­
ficially stiffened using a rigid corset.47 Such 
experiments provided an empirical basis for 
correlating the reduction of joint motion due 
to either stiffness or movement rigidity with 
balance instabilities in certain disease states. 
For example, patients with a global absence 
of proprioceptive feedback due to a dorsal 
root ganglionopathy may develop an axial- 
stiffening strategy with both mechanisms that 
markedly resemble the pattern seen in healthy 
subjects fitted with trunk-stiffening corsets.93 
In the present
study, we have used this focal cast technique 
to further explore the role of knee motion by
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‘locking’ the knees ofhealthy young adults with 
individually fitted, rigid knee casts on both 
legs. These subjects were exposed to multidi­
rectional perturbations of quiet stance with 
and without casts. Our first specific goal was 
to determine to what extent, and how, reduced 
knee movement would impair balance control. 
We predicted that body motion would be simi­
lar to that of patients with balance problems 
associated with knee rigidity. For this reason 
we compared our results to those of a group 
of previously described patients with spino­
cerebellar ataxia (SCA).56 In these patients we 
noted that knee stiffening and active rigidity 
was associated with excessive lateral sway of 
the COM following medio-lateral perturba­
tions presumably due to increased joint stiff­
ness with increased muscle activity levels and 
to a lack of normal flexion of the “uphill” leg 
(opposite the direction of support surface tilt). 
In addition, excessive anterior-posterior sway 
of the COM was associated with excessive 
trunk flexion and changed pelvis motion.56 
Our second goal was to examine whether 
healthy subjects can initiate alternative, 
compensatory strategies to maintain effective 
balance control despite knee rigidity. Here, 
based on previous work47, we expected to iden­
tify an alternative balance-correcting strategy 
that included excessive forward pitching of the 
trunk, resembling the compensatory strategy 
adopted by SCA patients. It was an open ques­
tion whether an alternative strategy would 
emerge to compensate for the lateral sway.
METHODS
Subjects
We tested 18 young, healthy adults (nine men, 
age range 19-29 years) without orthopaedic 
or neurological disturbances as verified by a 
medical interview and routine clinical screen­
ing procedures.94 All subjects gave written 
informed consent prior to the experiment. 
We conducted the experiments conform the 
standards of the Declaration of Helsinki. The 
Institutional Review Board of the University 
Hospital Basel approved the study. All subjects 
were tested under two different conditions. 
One condition involved wearing individually 
fitted knee casts, constructed with Scotchcast/ 
Softcast (3MTM) on both legs, which reduced 
knee movement to a minimum (Figure 2.1). 
The corsets did not restrict motion about the 
ankles or hips. In the other condition knee 
movement was without casts and therefore 
unrestricted. Half of the subjects were first 
tested while wearing the knee casts, the other 
half were first tested without the casts. There 
was a 6-8-week interval between the times 
of the two test conditions, in order to mini­
mize a learning effect. The results of these 
healthy subjects were compared to those 
of nine patients with SCA (seven men, age 
range 32-60 years) that were tested using the 
same protocol.56 Briefly, these patients had 
a genetically proven autosomal dominant 
spinocerebellar ataxia (SCA). One patient was 
diagnosed with SCA1, two with SCA2, two 
with SCA3, one had SCA6, and finally, three 
patients with SCA14. Their clinical presenta­
tion was dominated by cerebellar ataxia, with 
no or only minimal extracerebellar signs (such 
as spasticity or extrapyramidal features) that
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would affect balance, as verified during careful 
examination by two neurologists specialized 
in movement disorders, and supplemented 
with neuroimaging, EMG and vestibularocu- 
lar reflex testing for most patients. Exclusion 
criteria were, loss of independent ambula­
tion, severe visual disturbances or cognitive 
impairment. Three patients had pure cerebel­
lar ataxia, without any extracerebellar features, 
and the remaining six patients had very mild 
extra-cerebellar features (for details see56). To 
document that the responses of the young 
subjects without knee casts did not differ 
from those of middle-aged healthy subjects 
age-matched to the SCA subjects, comparison 
responses are provided in Figures 2.1, 2.3, 2.4 
and 2.5.
Protocol
Balance control was examined with a dual-axis 
tilting platform, as described in previous stud- 
ies.30;56;68 The subject’s feet were lightly strapped 
into heel guides fixed to the top surface of the 
platform. The heel guides were adjusted in the 
A-P direction to ensure that the ankle joint 
axes were aligned with the pitch axis of the 
platform. Stance width was 14 cm (mid-heel 
to mid-heel) for all subjects. Handrails were 
located at each side of the platform (40 cm 
from platform centre; 80 cm in height, adjust­
able to elbow height of subject). An assistant 
stood next to the platform to lend support in 
case of a fall. Immediately before the start of 
the experiment, subjects were asked to assume 
their preferred stance position on the plat­
form, arms hanging by the sides. Then ante­
rior-posterior (A-P) and medio-lateral (M-L) 
ankle torques, derived from force movements 
recorded with strain gauge systems embedded
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into the surface of the platform, were sampled. 
These torque signals functioned as refer­
ence values for the preferred upright stance 
for that particular subject for the rest of the 
experiment. All subjects were presented with 
49 platform tilts in six different directions. 
Two directions were purely in the pitch plane 
(0° toe down and 180° toe up), the other four 
combined pitch and roll (45° forward right, 
135° backward right, 225° backward left and 
315° forward left). All perturbations were 
delivered with a constant velocity of 60°/s and 
constant amplitude of 7.5°. The very first trial 
was excluded from further analysis to reduce 
habituation effects in the data.37 In the remain­
ing trials, each of the six perturbation direc­
tions was randomly presented eight times. 
Halfway through the experiment, subjects 
were given a short-seated rest period in order 
to minimize fatigue. Each perturbation was 
preceded by a random 5-20 s delay. During this 
delay, period visual feedback of the subject’s 
A-P and M-L ankle torques (compared to the 
reference value measured directly before the 
experiment) was presented to the subject on 
a cross, embedded with rows of light-emitting 
diodes (LEDs) at four meters from the subject. 
This visual feedback was used to standardise 
pre-stimulus position across trials.
Data collection
Recordings of all biomechanical data 
commenced 100 ms prior to perturbation 
onset and lasted 1 s. To collect full body kine­
matics, a three-dimensional optical track­
ing system with 21 infrared-emitting diodes 
(IREDs) (Optotrak, Northern Digital, Canada) 
was used. The three Optotrak cameras were 
placed approximately four meters in front of
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the subjects and sampled the IREDs signals at 
64 Hz. The IREDs were placed bilaterally on 
the following anatomical landmarks: fron­
tally at the level of the lateral malleolus; on 
the centre of the patella; frontally at the level 
of the greater trochanter, on the anterior supe­
rior iliac spine; processus styloideus; frontally 
in the middle of the elbow axis; on the acro­
mion, and on the sides of a head-band placed 
just above the ears. In addition, one diode was 
placed on the angulus sterni and one on the 
chin. For reference, three IREDs were placed 
at the front corners and on the left side of the 
platform to define pitch and roll movements 
of the platform. All subjects wore tight-fitting 
shorts and vests to prevent marker move­
ments. Knee flexion was measured as the angle 
subtended between the markers on the hip at 
the level of the greater trochanter, on the cast 
over the patella, and at the ankle joint.
Data analysis
Following analogue to digital data conversion, 
all biomechanical signals (ankle torques and 
platform angles) were averaged off-line across 
each perturbation direction. Zero latency 
was defined as the onset of platform rotation. 
Subject averages were pooled within both 
conditions to produce population averages for 
a single direction. Position data were digitally 
filtered at 16 Hz using a zero phase shift fourth 
order Butterworth filter. Our main outcome 
measure, total body COM displacement was 
calculated separately for the anterior-poste­
rior (A-P), medio-lateral (M-L) and vertical 
directions using an 11-body segment adapta­
tion of a 14-segment model.95 Each arm was 
modelled as two units, (upper and lower arms) 
and two trunk segments (trunk, pelvis) were
used instead of four. Absolute rotation angles 
of the planes defined by trunk and pelvis 
body segments and the platform surface were 
defined using three or four markers on these 
segments. Stimulus-induced changes were 
calculated with respect to averaged angles over 
a pre-trigger time interval of 90 ms ending 
10 ms prior to the stimulus onset. Our main 
outcome measure, the area under the curve of 
COM displacement was calculated from the 
onset of platform movement (0 ms) to 800 
ms later. To explore angle changes between 
body segments, we calculated angle changes 
that were calculated at two predefined times: 
300 and 800 ms. The measurement at 300 ms 
was chosen to quantify the impact of balance- 
correcting responses on kinematics. For arm 
movements, a later time 400 ms, coinciding 
with peak arm abduction (see56) was chosen. 
The measurement at 800 ms marked the 
end of our recording period where subjects 
approached a stable end position.
Statistical analyses
Our primary analyses concerned between- 
condition comparisons for rigidity effects 
caused by the casts. After ascertaining that 
the data values were normally distributed, 
differences between different perturbation 
directions and between the two cast condi­
tions were tested using a repeated measures 
ANOVA model (cast condition x direction). 
Significant (P <0.05) main cast and interaction 
effects were further explored using post-hoc 
paired Student’s i-tests. A secondary analy­
sis involved a comparison with previously 
published results on SCA patients56 and the 
subjects of the present study with knee casts. 
Differences were first tested for population
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differences with a repeated measures ANOVA 
model and then post-hoc independent i-tests 
were used to compare results in each direc­
tion. The significance level of all the post-hoc 
test results was set to account for the effect of 
comparing multiple measurements at once 
(Bonferroni correction).
RESULTS
Effectiveness of knee casts in reducing 
knee flexion
Figure 2.1 illustrates mean population knee 
flexion traces in young controls with and 
without the knee casts, as well as those from 
middle-aged controls and SCA patients. These 
traces show that knee flexion was effectively
Figure 2.1 Biomechanical responses of the knee to platform perturbations into different directions. In
the left panels the course of the knee angle after a forward right (45°) and backward-right (135°) platform tilt 
is shown. The traces represent the mean response of 18 young (YN) subjects with and without a double knee 
cast, nine spinocerebellar ataxia (SCA) patients and a set of age-matched middle-aged (MA) controls (SCA 
and age-matched control data from56). The dotted line at 0 ms indicates the onset of support surface tilt. In the 
right panels the changes in the knee angle at 800 ms are shown for the uphill and downhill knees. The columns 
represent the mean change and the bars over the columns standard error of the mean for the two cast conditions 
and for SCA patients. Differences between the normal subject means are indicated with and without casts by 
asterisk (*) symbols. *P <0.05; Unrestricted (YN) vs Cast (YN)
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prevented by the casts, typically amounting 
1° or less. Figure 2.1 (right panels) illustrates 
the average knee angle changes, as measured 
at 800 ms after stimulus onset. A main effect 
o f knee casts on knee angles was observed 
for both the uphill (F(1,17) =41.2; P <0.001) 
and downhill (F(1,17) =24; P <0.001) knees. 
(The uphill knee is the left knee when the tilt 
is right-side down.) For the uphill knee, flex­
ion with casts was significantly less for all 
tilt directions (Figure 2.1 right), and for the 
downhill knee the knee flexion was less for all
forward tilt directions (Figure 2.1 right). Knee 
flexion of the downhill knee for backward tilt 
directions was less than 1° even without casts 
as the knee is normally locked into extension. 
For forward tilts, there is flexion in the down­
hill knee - see Figure 2.1, left. Figure 2.1 also 
shows that knee flexion (or lack thereof) in the 
downhill knee was similar for normals with 
casts and SCA patients (P >0.05). However, for 
the uphill knee, knee flexion in patients was 
slightly larger without reaching significance.
Figure 2.2 The effects of platform perturbations into different directions on the anterior-posterior (A-P), 
vertical and medio-lateral (M-L) cOm displacements. The layout of the figures is identical to Figure 2.1. 
Amplitudes calculated as area under the curves (AUC) over the interval of 0-800 ms are shown in the right 
panels. *P <0.01; #P <0.05; Unrestricted (YN) vs Cast (YN) and A P <0.05 Cerebellar Ataxia (MA) vs Cast (YN)
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Effects on centre of mass movements
Bilaterally fitted knee casts increased the ante­
rior-posterior (A-P) displacement of the COM 
(Figure 2.2). This was confirmed by analysis 
of the area under the COM curve between 0 
and 800 ms after stimulus onset (F(1,17) =7.3, 
P <0.02). Post-hoc tests revealed that this 
difference was only significant for backward 
directions with and without roll (P <0.01; see 
Figure 2.2, upper right). The knee cast reduced 
the lowering of the COM (Figure 2.2), but only 
for forward directed perturbations (Figure 2.2 
lower right). We found a significant condition 
by direction interaction (F(1,85) =7.6; P <0.01), 
with a significantly decreased lowering of the 
COM for forward directions only (P <0.05). 
No effect of knee casts on medial lateral (M-L) 
COM displacement was observed. Figure 2.2 
also compares the changes in COM traces with 
the casts and illustrates those of SCA patients 
(data reproduced from56). The amplitudes 
of A-P COM displacements of SCA patients 
tended to be greater than those induced by the 
casts in normals (direction by group interac­
tion, F(1,85) =6.3; P =0.01), particularly in 
the backward (and roll) directions, but post­
hoc tests revealed no differences due to the 
large variances recorded for SCA patients. The 
amplitude of vertical COM displacements of 
SCA patients was not significantly different 
from those of normals with casts for forward 
directions. M-L COM displacements were 
greater for SCA patients than for normals with 
casts (F(5,40) =3.7; P <0.01, a cast by direction 
effect).
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Movements at ankle, hip and 
lumbrosacral joints
In the following description of the results joint 
movements in the sagittal plane are described 
first, followed by joint movements in the 
frontal plane. Application of the casts led to 
changes in both uphill and downhill ankle 
angles at both 300 and (as shown in Figure 
2.3) at 800 ms (F(1,17) ranged 40.9-47.8; P 
<0.001). The ankle angle displacements for 
those with casts were not significantly differ­
ent from those seen in SCA patients. Examples 
of these changes are illustrated in Figure 3 for 
the tilt direction of 135°, where ankle motion 
was smaller in both SCA patients and controls 
with casts compared to controls without casts. 
This effect can be observed in Figure 2.3 for 
all backward tilt directions (P < 0.01). For 
forward directions the ankle plantar flexion 
was greater with casts (Figure 2.3). There were 
no differences in ankle angle changes between 
SCA patients and controls fitted with casts 
(no cast effect or cast by direction interac­
tion). Pelvis pitch rotation changed direction 
when casts were placed on the legs (Figure
2.4 left). Specifically, the pelvis always pitched 
forward in normals with casts, and very simi­
lar observations were made for SCA patients. 
This effect was seen for all perturbation direc­
tions (Figure 2.4 right), and was confirmed 
statistically by a main Group effect at both the 
300 and 800 ms measurement times (F(1,17) 
=31.4 and 25.0; P <0.001). Post hoc analyses 
showed no significant differences for displace­
ments in normals with casts and SCA patients, 
but a significant difference between these 
groups and young controls without casts (P 
<0.05). Hip flexion angles were less strongly 
influenced by the knee casts than the ankle
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Figure 2.3 Ankle angle responses to platform tilts into different directions. See legend to Figure 2.1 for 
details. *P < 0.01; Unrestricted (YN) vs Cast (YN)
angles. There was a main effect of the cast on 
the uphill hip angle at both 300 and 800 ms 
(F(1,17) =27.5; P <0.001). For all tilt directions 
with a roll component, uphill hip flexion angle 
changes were less with the casts (P <0.01). In 
the downhill hip, hip angle changes with the 
casts were weaker at 300 ms (F(1,17) =6.1; P 
=0.024) and at 800 ms, for which only a cast 
by direction interaction was observed (_F(1,85) 
=9.6; P <0.01). For the backward tilt direc­
tions increased hip flexion was observed in 
the downhill leg with the casts. The effect of 
the casts on trunk pitch was weak. Only a cast 
by direction effect was observed with greater 
forward pitch at 800 ms when the support 
surface was tilted backwards (P <0.05). SCA 
patients showed similar forward pitch for
backward tilt as controls with casts but greater 
forward pitch at 800 ms for all directions of 
forward tilt (Figure 2.5 right).
Lateral movements of the pelvis and arms
Pelvis roll movements at 800 ms were 
increased with the knee casts (lower part 
Figure 2.4). Across all directions there was a 
cast by direction effect (_F(1,85) =4.5; P <0.01). 
This effect was greater when the pure pitch 
directions were excluded from the analysis, 
because post-hoc analyses revealed increased 
pelvis roll for all roll directions except back­
wards right (135°). Pelvis roll tended to be 
greater in SCA patients compared to healthy 
controls with casts (Figure 2.4), but no signifi­
cant differences were observed. Trunk roll
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was not significantly different with and with­
out the knee casts. Casts led to increased arm 
abduction in the uphill but not in the downhill 
arm (F(1,85) =8.5; P <0.01). Post-hoc analysis 
revealed significant differences for the left but 
not the right arm, when this was the uphill arm 
(Figure 2.5). The amplitudes of arm movement
when wearing casts were significantly less 
than those of SCA patients for the uphill arm 
(F(1,85) =6.8; P <0.05). Downhill arm abduc­
tion responses did not differ between subjects 
with knee casts and SCA patients.
Figure 2.4 Biomechanical responses of the pelvis to multi-directional platform perturbations. Traces of the 
time course of pelvis pitch and roll angles are shown on the left side. *P < 0.01; #P < 0.05; Unrestricted (YN) vs 
Cast (YN). In the right panels the changes in pelvis angle at 800 ms and standard errors are shown. *P <0.05; 
Unrestricted (YN) vs Cast (YN).
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Figure 2.5 Biomechanical responses of the trunk and uphill arm to multi-directional platform perturba­
tions. Traces of the time course of the trunk angle and uphill (left) arm after a platform tilt are shown on the left. 
Mean changes in the angles for the same conditions are shown on the right for all tilt directions. *P < 0.01; #P < 
0.05 Unrestricted (YN) vs Cast (YN); A = p < 0.05 Cerebellar Ataxia (MA) vs Cast (YN)
DISCUSSION
The young subjects in this study were capa­
ble of adapting their movement strategies 
when forced to correct for tilts of the support 
surface with the knees held in locked extended 
position. The A-P COM displacement was 
increased, the vertical displacement reduced 
and the M-L displacement was unaltered when 
subjects wore the casts. Explorative analyses
showed that the compensatory strategy in the 
pitch plane involved a change to forward pelvis 
rotation and alterations in hip and ankle joint 
movement strategies. In the roll plane, arm 
movements were increased and hip flexion 
in the uphill leg was decreased. The very fact 
that control subjects needed to adopt different 
strategies to counter the effect of reduced knee
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flexion in order to retain balance, underscores 
that knee movements are an integral part of 
the normal balance-correcting synergy for 
correcting tilt of the support surfaces.
Generally, the strategies are similar for 
controls with casts and SCA patients follow­
ing backward and roll perturbations, but not 
following forward and roll perturbations. In 
controls with knee casts, ankle dorsiflexion in 
both the uphill and downhill ankles was less 
for backward perturbations and plantar-flex- 
ion was greater for forward perturbations. A 
similar action was observed in SCA patients. 
Hip flexion was also differentially modulated 
for backward and forward roll tilts in subjects 
with knee casts. For backward roll tilts, the 
uphill leg had greater flexion than the down­
hill leg when knee action was unrestricted. 
This action was reversed with the casts, that is, 
less flexion occurred at the hip in the uphill leg. 
This hip action is unlike that of SCA patients. 
A similar disparity was observed for the uphill 
leg after forward roll tilts for which little flex­
ion occurred with the casts. Together with the 
increased arm abduction, the changes in hip 
movements with the casts could underlie the 
ability of normal subjects to cope with lateral 
movements with the knee casts.
The most obvious effect of absent knee move­
ment was on the vertical and A-P COM move­
ment. With knee movements unrestricted, the 
vertical COM height is lowered when the knees 
bend in response to forwards tilt. Application 
of the knee casts reduced this lowering of the 
COM. For backward directed tilts, the poste­
rior displacement of the COM was greater with 
knee casts. Interestingly, the knee casts did not
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affect the lateral movement of the COM. Our 
working hypothesis was that the rigidity of the 
knees might account for the lateral and back­
ward A-P instability of SCA patients.56 Our 
present findings show that this hypothesis can 
only be valid provided that healthy subjects do 
not adopt different compensating strategies to 
overcome the effect of stiffened knees. In other 
words, if healthy subjects with stiffened knees 
respond to the tilt perturbations in a manner 
similar to that of SCA patients. The similar­
ity of the changes in vertical and A-P COM 
movements in the subjects with casts and SCA 
patients suggest that this is indeed the case 
for pitch components of the tilt. The current 
findings indicate that the knee casts did not 
affect the lateral displacement of the COM 
because the control subjects adopted a differ­
ent, but more effective compensatory strategy. 
Thus, it is still possible that knee joint stiffness 
or lack of knee flexion underlie the deficit in 
lateral sway control in SCA subjects. This 
study was not able to provide support for this 
hypothesis. Here, we have used results from 
SCA patients in an attempt to compare effects 
seen with stiffened knees in healthy controls 
with the balance deficits of these patients. 
The effect of the compensatory strategies 
adopted by healthy controls would be an issue 
to be raised regardless of the comparison 
patient group chosen.
Our findings also shed new light on the adap­
tive strategies developed by SCA patients (and 
possibly other patient groups with balance 
problems), who have pathologically reduced 
knee flexion as a “stiffening strategy” to reduce 
multilink interactions and thereby facilitate 
motor control.56;96 While such knee stiffening
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may be advantageous during gait, it inter­
feres with the necessary rapid knee move­
ments that are required to absorb the impact 
of “toes-down” and laterally directed plat­
form tilts with opposite side “toe-up” compo­
nents. As described previously56, SCA patients 
compensated for this lack of knee motion by 
resorting to increased forward flexion of the 
trunk, thereby moving the COM forward and 
reducing the risk of a possible backward fall. 
However, this forward trunk flexion is pres­
ent in SCA patients irrespective of perturba­
tion direction, unlike the normals with knee 
casts who also increased their trunk flexion, 
but only for backward-directed perturbations, 
where such compensation is functional to 
reduce backward sway. SCA patients seem to 
have selected trunk flexion as their “default” 
strategy, even though this goes at the expense 
of increased forward sway for forward- 
directed perturbations when such trunk flex­
ion is not required and possibly harmful. One 
possible explanation could be fear of falls, 
which is common in patients with SCA97, 
particularly for backward-directed falls. The 
price paid could be a higher incidence of 
forward falls in daily life, which are indeed 
not uncommon in SCA patients.97 Knee stiff­
ness may further contribute to forward falls by 
interfering with the rapid knee flexion move­
ments that are required to avoid tripping over 
obstacles.98 Indeed, patients with bilateral total 
knee arthroplasty have a reduced ability to 
negotiate obstacles, and this increases their 
risk of tripping.99
A major change in synergy observed with the 
casts was an increased forward rotation of the 
pelvis. This may be the result of an attempt by
balance-control centres to simplify the control 
strategy by “locking” the pelvis to the trunk 
effectively creating a single more massive 
trunk unit. Combined with an increased trunk 
forward pitch for backward tilts, this forward 
rotation of the pelvis can be interpreted as an 
attempt by balance-control centres to place 
the COM more forward. A similar action was 
observed in SCA patients. However, this strat­
egy change, as in the SCA patients, appears to 
be unsuitable to providing improved stability. 
In fact, the pelvis horizontal position ended up 
being displaced more backwards with the casts 
(not reported in the results) just as in the SCA 
patients56 with a similar effect on posterior 
COM position.
One of the limitations of our comparisons with 
SCA patients is that the ages of the patients 
(average 49 years, see56) were higher than those 
of the young adults fitted with knee casts in 
this study. The major effect of age for perturba­
tions comparable to the ones used in the pres­
ent study is on lateral stiffness of the trunk, 
rather than on anterior-posterior stiffness of 
the trunk.30 However, that study performed by 
Allum et al. did not specifically look at knee 
angle and pelvis angle responses, which tended 
to be less in the middle-aged compared to the 
young (see Figures 2.1 & 2.4). Thus, the trends 
we observed for these responses to be stiffer 
in the middle-aged might represent a general 
stiffening with age in other joints too. None­
theless, we would not expect differences in A-P 
displacements if we had used healthy middle- 
aged subjects with casts as a model for study­
ing the posterior instability of SCA patients 
on backward tilt. Evidence supporting this 
assumption is provided in the traces of Figures
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2.1, 2.3, 2.4 and 2.5. Here, the responses of the 
healthy young subjects of the current study 
may be compared with those of another group 
of middle-aged control subjects age-matched 
to SCA patients (data from56). The traces for 
unrestricted knee movements in response 
to the perturbations are generally similar for 
both normal control groups but very differ­
ent from the responses of the healthy young 
subjects with knee casts. We assume that 
adding knee casts to a middle-aged normal 
population would have yielded similar effects 
to those described in the current research.
This study provided a description of kine­
matic responses engendered by stiffening the 
knees, which may be useful in understanding 
not only various pathologies such as SCA, but 
also osteoarthritis. Bilateral knee stiffening 
seems, on the basis of the current results, to 
provide an explanation for the A-P but not for 
the lateral instability of SCA patients. None­
theless, the changes in pitch control and the 
fact that young subjects fitted with casts effi­
ciently learned to compensate for the lack of 
knee responses provides supporting evidence 
for our conclusion that knee movements are 
important in balance control. Future studies 
should concentrate on finding other ways to 
mimic the deficit in lateral balance-control 
in SCA patients. One such way may be the 
use of more extensive casts—for example, to 
simultaneously stiffen the knees and hips. 
Indeed, a previous study showed surprisingly 
little changes in overall stability in subjects 
fitted with a rigid corset that only stiffened the 
hips and lower trunk despite increased trunk 
velocities. More dramatic alterations emerged 
when a more extensive cast was used that also
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stiffened the upper trunk.47 Another interest­
ing option would be a temporary introduc­
tion and subsequent removal of knee stiffness 
rather than restricting the motion entirely, 
as this might provide a model to document 
adaptive motor control strategies.100 Insights 
from such studies could help to disentangle 
primary pathophysiological processes from 
compensatory adaptive strategies, and thereby 
help to shape rehabilitation strategies focused 
on improving knee motion or strength (see, 
e.g.101) in order to prevent falls.
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ABSTRACT
Knee movements play a critical role in most balance corrections. Loss of knee flexibility may 
cause postural instability. Conversely, trained voluntary knee flexions executed during balance 
corrections might help to overcome balance deficits. We examined whether bilateral knee flexion 
could be added to automatic balance corrections generated by sudden balance perturbations. We 
investigated how this could be achieved and whether it improved or worsened balance control. 
Twenty-four healthy subjects participated in three different test conditions, in which they had to 
flex their knees following an auditory cue (VOLUNTARY condition), had to restore their balance 
in response to multidirectional rotations of a support-surface (REACTIVE condition), or the 
combination of these two (COMBINED condition). A new variable set (PREDICTED), calculated 
as the mathematical sum of VOLUNTARY and REACTIVE, was compared to the COMBINED 
variable set. COMBINED responses following forward rotations were close to PREDICTED, or 
greater, suggesting adequate integration of knee flexion into the automatic balance reactions. For 
backward rotations, the COMBINED condition resulted in several near-falls, and this was gener­
ally associated with smaller knee flexion and smaller EMG responses. Subjects compensated by 
using greater trunk flexion and arm movements. Activity in several muscles displayed earlier 
onsets for the COMBINED condition following backward rotations. We conclude that healthy 
adults can incorporate voluntary knee flexion into their automatic balance corrections, and that 
this depends upon the direction of the postural perturbation. These findings highlight the flex­
ibility of the human balance repertoire, and underscore both the advantages and limitations of 
using trained voluntary movements to aid balance corrections in man.
Published as:
Oude Nijhuis LB, Bloem BR, Carpenter MG and Allum JHJ. Incorporating voluntary knee flexion 
into non-anticipatory balance corrections. Journal of Neurophysiology 2007 Nov; 98(5): 3047-59.
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INTRODUCTION
When healthy humans are perturbed, while 
standing on a movable platform, a cascade of 
balance correcting muscle reactions occurs. 
Some balance corrections have latencies close 
to 90 ms and have been termed “automatic”, 
while others have longer latencies around 150 
ms which approximates voluntary reactions(7; 
16; 26).21;68;102 These reactions are probably 
chosen from a continuum of balance correct­
ing synergies: specific pre-programmed 
muscle response patterns that are embedded 
within higher-level balance control centres 
within the central nervous system. In turn, 
balance correcting synergies generate multi­
link strategies: specific patterns of segmental 
movements which include variable combina­
tions of hip, knee and ankle movements to 
correct instability.22-2^ 102 This multi-link action 
is in accordance with the theory of axial kine­
matic synergies, where action in one segment 
or muscle evokes reactions in other segments 
or muscles close to it.103-105
The question arises whether the knees play 
a critical role in these multi-link strategies. 
There are two ways in which knee move­
ments could contribute to balance correc­
tions: a sensory contribution (by register­
ing movements induced by the stimulus), 
or as part of the correcting strategy itself. It 
remains unclear if proprioceptive feedback 
from the knees contributes to the triggering of 
balance corrections.1“4107 However, loss of knee 
proprioception is associated with severe delays 
in balance correcting responses and marked 
postural instability.93;108 Knee movements as 
part of the balance correcting strategy have
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been largely ignored in the literature, despite 
evidence to contrary. Significant knee move­
ments occur in response to both translations 
and rotations of the support surface.22;56;87 Even 
quiet stance appears to involve knee and hip 
movements.109 The main action of knee move­
ments in response to sudden support surface 
perturbations could be to absorb its impact, 
thereby reducing tilt of the trunk. For exam­
ple, sudden lateral tilts of a support-surface 
are largely absorbed by flexion of the uphill 
knee and extension of the downhill knee.68;110 
The importance of this “absorption function” 
is underscored by the marked instability that 
ensues when normal knee flexion move­
ments are pathologically reduced, as occurs 
in patients with cerebellar ataxia, Parkinson’s 
disease or peripheral vestibular loss.56;74;110 
Thus, it appears that active voluntary knee 
flexion could contribute to enhanced stability 
following support surface perturbations.
Previous research has not examined the effect 
of voluntary knee movements on balance 
correcting strategies. Specifically, we were 
interested to see if healthy subjects alter or 
even delay pre-programmed balance correct­
ing strategies, when implementing a volun­
tary movement that may or may not fit their 
automatic balance correcting strategy. We 
posed two main questions. First, can stand­
ing subjects implement voluntary knee flexion 
movements when their balance is simultane­
ously perturbed by a moving support surface? 
Second, would incorporating such voluntary 
knee flexion into the postural strategy alter the 
intersegmental shaping of automatic balance 
corrections? One possible outcome is that 
voluntary knee flexion would be purely added
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to the directional sensitivity of automatic 
balance corrections. Alternatively, voluntary 
knee movements might suppress the initial 
automatic responses and thereby also alter the 
pre-programmed balance correcting synergy 
in latency or directional sensitivity. This may 
cause a disruption of the kinematic strategy 
leading to postural instability10^ 111
From a rehabilitation viewpoint, we wondered 
whether knee flexion could represent a possible 
defensive strategy to avoid a fall, or to reduce 
its impact. One advantage would be lowering 
the COM, thereby reducing the force of the 
impact in case of an actual fall and diminish­
ing the risk of fall-related injuries.1125113 Supple­
mentary knee movements might also help to 
induce appropriate knee reactions. For exam­
ple, when the support surface tilts forward, 
extra knee flexion would shift the COM in a 
more appropriate direction and thereby stabi­
lize posture. We hypothesized that knee flexion 
would be biomechanically advantageous for 
forward and laterally directed platform tilts, 
but possibly not for backward directed tilts 
where the knees are first extended.68 Answers 
to these questions might have implications 
for the future implementation of specific fall 
prevention strategies, e.g. in subjects with 
pathologically reduced knee flexibility such as 
patients with cerebellar ataxia.56
To answer these questions, we studied the 
kinematic and electromyographic responses 
of healthy subjects who were instructed to 
rapidly flex their knees in response to an audi­
tory tone alone, or to the combination of a 
tone plus simultaneously delivered multidirec­
tional postural perturbations. We compared
these responses to those when no voluntary 
knee flexion was requested following a support 
surface perturbation.
METHODS
Participants
Twenty-four healthy subjects (12 men; mean 
age 23 years, range 18-28) participated. Aver­
age height was 175 cm (range 156-188). Exclu­
sion criteria included neurological, balance 
or musculoskeletal disorders. All participants 
gave prior written informed consent. We 
conducted the experiments conform to the 
standards of the Declaration of Helsinki. The 
Institutional Review Board of the University 
Hospital Basel approved the study.
Procedure
We assessed balance control as described 
previously.31468 Briefly, participants stood on 
a servo-controlled dual-axis rotating plat­
form with their feet lightly strapped into heel 
guides fixed to the platform surface to prevent 
stepping reactions. Platform tilts occurred in 
different directions at a constant amplitude of
7.5 deg and velocity of 60 deg/s.
The experiment consisted of three different 
conditions, which were delivered in blocks 
without practice trials. Ordering of the three 
blocks was counterbalanced across subjects. 
The cued VOLUNTARY condition consisted 
of 11 trials of voluntary knee flexion only, 
without concurrent platform perturbation. 
The auditory cue (1000 Hz tone; 50 dB) was 
produced by loudspeakers, which were posi­
tioned at knee height. This cue sounded until
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it was automatically switched off when move­
ment sensors (light barriers) detected 30 
degrees of knee flexion. The instruction was 
to flex both knees as rapidly as possible in 
response to the auditory cue, with the specific 
goal to switch off the sound and keep the 
knees flexed for at least 2 seconds. We chose 
30 degrees after pilot experiments showed that 
this was the maximum flexion subjects could 
achieve comfortably. The condition termed 
REACTIVE consisted of 49 multidirectional 
support surface tilts, without additional cued 
voluntary knee flexion. For consistency, the 
same auditory cue as in the VOLUNTARY 
condition sounded at onset of platform move­
ment, but now the specific instruction was to 
respond naturally to the balance perturbation, 
without additional knee flexion. The remain­
ing condition was termed COMBINED and 
included 49 trials with concurrent support 
surface tilts and auditory-cued voluntary 
knee flexion. The same auditory cue as in 
the VOLUNTARY condition was used. The 
specific instruction was the same as for the 
VOLUNTARY condition, but also included 
the instruction to regain a stable balance.
The REACTIVE and COMBINED conditions 
contained perturbations that were randomly 
delivered in six different directions (8 trials 
each): pitch forward (toes down or 0 deg), 
pitch backward (toes up or 180 deg) and 
four combinations of pitch and roll stimuli: 
forward left (315 deg), forward right (45 deg), 
backward left (225 deg) and backward right 
(135 deg). These randomly delivered multi­
directional perturbations helped to reduce 
stimulus predictability.30 Handrails adjusted to 
the height of the participants’ wrist were pres­
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ent 40 cm to the sides. Subjects were instructed 
only to grasp the handrails when needed. One 
assistant was present behind the subject to lend 
support in case of a fall. We defined a response 
as a near-fall if the subject needed to grasp the 
handrails or receive assistance to prevent a fall.
Outcome measures
We instrumented participants with 18 infra­
red emitting diodes (IREDs) to collect full 
body kinematics. The IREDs were placed on 
the following anatomical landmarks: frontally 
at the level of the malleoli, at the centre of the 
patellae, frontally at the level of the greater 
trochanters, anterior superior iliac spines, 
elbow axes, acromions, processus styloideus 
radii, both temples, one at the chin and one at 
the sternal angulus. Three additional IREDs, 
placed at the front corners and centre of the 
rotational surface, were used to trace pitch 
and roll movements. An OPTOTRAK motion 
analysis system (Northern Digital Canada Inc., 
Waterloo) tracked the IREDs at 64 Hz. We 
also calculated A-P and M-L ankle torques at 
1024 Hz from support-surface reaction forces 
measured with strain gauges embedded in the 
rotating platform.
To record surface EMG signals, pairs of silver- 
silver chloride electrodes were placed approxi­
mately 3 cm apart along the following muscle 
bellies on the left side of the body: tibialis 
anterior, soleus, rectus femoris, biceps femo- 
ris, gluteus medius, external oblique, paraspi­
nal muscles (L1-L2 spine level), biceps brachii 
and medial deltoid. We recorded on one side 
of the body for practical reasons, having previ­
ously identified absence of left-right asymme- 
tries.68;114;115 EMG recordings were band-pass
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analogue filtered between 60-600 Hz, full wave 
rectified, and low pass filtered at 100 Hz with 
a 3rd-order Paynter filter prior to sampling at
1 KHz.
Data analysis
Biomechanical and EMG recordings were 
initiated 100 ms prior to stimulus onset and 
had a sampling duration of 1 sec. Following 
analogue to digital conversion, all recordings 
were averaged offline across each perturba­
tion direction. The first recording under each 
condition was discarded to reduce habituation 
effects.37
For all outcome measures (kinematics, ankle 
torques, EMG), we summed the values for the 
VOLUNTARY and REACTIVE condition and 
named this the PREDICTED variable (grey 
lines and columns in Figure 3.1). We compared 
this PREDICTED value with the value for the 
COMBINED condition. COMBINED values 
equal to PREDICTED values would point to 
a simple addition of voluntary knee flexion on 
REACTIVE alone responses. If COMBINED 
response values were significantly different 
from PREDICTED, this would imply that 
voluntary knee flexion was not integrated into 
COMBINED response through a simple addi­
tion, but in a more complex interactive way.
To estimate effects of voluntary knee flex­
ion on “overall” postural performance, we 
calculated total body COM displacement in 
the anterior-posterior (A-P), medial-lateral 
(M-L) and vertical directions using a 12 body 
segment adaptation115 of a 14 body segment 
model116. We calculated the area under the 
curve (AUC) of the COM displacements and
velocities in each direction, using trapezoid 
integration between 100-800 ms from stimu­
lus onset. Prior to integration, values were full- 
wave rectified to avoid having negative areas 
given the biphasic pattern of some responses.
We measured the A-P COM velocity and knee 
velocity at 300 ms when this variable peaked 
in order to demonstrate correlations between 
COM and knee flexion velocity.
Onset latencies of A-P ankle dorsiflexion 
torque were calculated using a threshold of
2 Nm with respect to pre-stimulus values. 
Responses for the downhill leg and uphill leg 
were now pooled separately to obtain 4 diago­
nal values: forward uphill, forward downhill, 
backward uphill, and backward downhill (i.e. 
forward uphill was calculated as the right leg 
for forward right perturbations, pooled with 
the left leg for forward left perturbations). 
Onset latencies of knee flexion velocities were 
calculated and pooled in same manner as for 
ankle dorsiflexion torque. The threshold used 
was 50 deg/s flexion velocity as this was the 
average peak velocity plus 2 SD for knee flex­
ion during forward tilts in the reactive condi­
tion.
Angle changes between segments were calcu­
lated over a 150-550 ms interval (see statistical 
analyses for justification). For axial segments 
(i.e. pelvis and trunk) the 4 directions used 
were pitch forward, forward left, backward 
left, and pitch backward, instead of the pooled 
diagonal directions, to be consistent with the 
analysis and laterality of the EMG-recordings 
(left side). For the limbs, where no differences 
other than sign were expected, we averaged
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the right sided responses for backward left 
with the left sided responses for backward 
right, and vice versa.
EMG areas were calculated using trapezoid 
integration. First, the level of background 
activity (measured over a period of 90 ms 
terminating 10 ms prior to stimulus onset) was 
subtracted from the muscle response. The time 
intervals used for response areas were 120-220 
ms in leg muscles, 90-180 ms in trunk muscles 
and 80-220 ms in the arms. These intervals 
were based on calculations of intervals span­
ning the peak of the difference between the 
COMBINED and PREDICTED responses.115 
In addition, we used a second interval (300 to 
500 ms) determined using a second peak in 
the response traces.115
EMG onset latencies were calculated across 
each trial and muscle. We used a semi-auto­
matic computer algorithm that searched for 
the response peak and subsequently went 
backward in time and determined when the 
individual EMG trace first fell below the mean 
plus 2.5 SD of background muscle activity. The 
algorithm first identified the peak response 
amplitude in each individual trial within 
pre-defined intervals (tibialis anterior, soleus, 
rectus femoris and biceps femoris: 100-250 
ms; rectus femoris, biceps femoris and gluteus 
medius: 60-300 ms; paraspinals: 100-200 ms; 
arm muscles: 20-240 ms). All peaks and laten­
cies were visually inspected and discarded if 
necessary.
Statistical analyses
To provide a rational basis for the compari­
son of the various kinematic variables across 
test conditions, we first performed a multi­
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variate analysis (condition x  direction X 
plane) on the COM velocity across the entire 
recording interval (between 100-800 ms post 
stimulus onset), for all three planes of motion 
(A-P, M-L, and vertical). This was followed by 
another multivariate analysis (done separately 
for each of the three planes). For this purpose, 
we divided the traces into consecutive 50 
ms bins, and examined when the divergence 
between population traces for the different test 
conditions first became statistically significant 
using a condition X  direction X  bin model. 
This analysis permitted us to focus our second­
ary repeated measures ANOVA (condition x  
direction) analyses on those intervals that the 
MANOVA showed to be significantly different 
between test conditions.
Prior to these analyses, we ascertained that 
the data-values were normally distributed. 
Significant main and interaction effects were 
further explored using post-hoc tests. These 
consisted of Student’s paired i-tests, for which 
significance levels set at 0.05 were adjusted 
downward (Bonferroni correction) according 
to the number of comparisons. For example, to 
detect directional differences in voluntary knee 
movements we compared the COMBINED 
condition to the PREDICTED variable in 6 
directions (pitch forward, forward/uphill, 
forward/downhill, backward/uphill, back­
ward/downhill and pitch backward degrees). 
COM displacements were however analyzed 
using only 4 directions in the model instead of 
6, as there was no need to consider uphill and 
downhill limbs separately.
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RESULTS
Identification of intervals for analysis
The MANOVA showed a significant condi­
tion (2 levels: COMBINED and PREDICTED) 
X direction (4 levels: forward, backward 
left, backward right, and vertical) X plane of 
movement (3 levels: A-P, M-L and V) interac­
tion effect for the COM velocity (F (9 79) =21.4; 
P <0.001). We next examined these three 
planes separately using univariate analyses, 
and this also resulted in significant condition 
X direction interaction effects for A-P (F
=22.9; P < 0.001), M-L (F (332) =5.1; P < 0.005)
=13.3; P <(3,32)and vertical COM velocity (F 
0.001). Within each plane, subsequent multi­
variate analyses using the 50 ms bins across 
the 100-800 ms interval revealed significant 
differences between the COMBINED and 
PREDICTED conditions in the four directions 
of platform tilt for the 150-550 ms post-stimu­
lus interval in A-P and vertical planes, but not 
for the M-L plane. Therefore, further analyses 
were restricted to the A-P and vertical planes, 
and to the time interval of 150-550 ms.
Figure 3.1 Knee movements. (A) Average population traces of knee movements in the pitch forward direction 
(toes down; 0°) for the 3 different conditions and the calculated PREDICTED variable. (B) Same for the pitch 
backward direction (toes up; 180°). (C) Columns showing the averages of the calculated PREDICTED variable 
compared with the COMBINED condition of the change in knee angle ± 1 SE in 6 (pooled) directions. Interval 
used was 150-550 ms (see boxes in A and B). Asterisks indicate significant differences (post hoc t-test, P <0.01).
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Cued voluntary knee flexion
All subjects were always able to achieve the 
required minimum of 30 degrees knee flexion 
in the COMBINED condition. This is shown 
for pure pitch perturbations (backward and 
forward) in Figure 3.1A & B. Subjects could 
easily flex the knees when rotated forward, 
where we observed a greater amount of 
knee flexion in COMBINED compared to 
PREDICTED (Figure 3.1A). However, when 
rotated backward, subjects had more difficulty 
flexing the knees in the COMBINED condi­
tion, as flexion was less than PREDICTED 
(Figure 3.1B). Similar effects were observed for
the other directions, with always greater than 
expected knee flexion for pitch perturbations 
with a forward component, and vice versa 
(Figure 3.1C). This was confirmed statistically, 
showing that knee flexion was influenced by 
a condition (COMBINED vs. PREDICTED) 
x direction interaction effect (F(512) =45.28; P 
<0.01).
Vertical displacement of the COM
There was no downward COM displacement 
during the REACTIVE condition for backward 
pitch perturbations, and negligible down­
ward COM displacement for forward pitch 
perturbations (Figure 3.2A & B). In contrast,
Figure 3.2 Vertical Centre of Mass displacement. (A) Average population traces of vertical center of mass 
(COM) displacement in the pitch forward direction for the 3 different conditions and the calculated PREDICTED 
variable. (B) traces of vertical COM displacements for the pitch backward direction. (C) columns showing the 
averages of the calculated PREDICTED variable compared with the COMBINED condition of the change in verti­
cal CoM displacement ± 1 SE in 6 (pooled) directions.
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knee flexion led to a lowering of COM in all 
directions, both in the VOLUNTARY and 
COMBINED conditions. These effects were 
observed for all perturbation directions 
(Figure 3.2C), and statistical analyses showed
than PREDICTED (P <0.01). In contrast, for 
pitch perturbations with a backward compo­
nent, COMBINED responses were smaller 
than PREDICTED (P <0.01).
a significant condition x direction interaction 
effect for vertical COM displacement (F(366) 
= 144.88; P <0.01). Post-hoc analyses showed 
that for pitch perturbations with a forward 
component, the COMBINED condition elic­
ited greater downward COM displacements
Anterior-posterior COM
Figure 3.3A & B show the A-P displacement of 
the COM for pure pitch perturbations (back­
ward and forward). The VOLUNTARY condi­
tion showed a forward displacement of the 
CoM, while the REACTIVE condition showed
Figure 3.3 Displacement and velocity of the Centre of Mass in the anterior-posterior plane. (A) Average 
population traces of anterior-posterior (A-P) COM movements in the pitch forward direction for the 3 different 
conditions and the calculated PREDICTED variable. (B) Same for the pitch backward direction. (C) Columns 
showing the A-P COM displacement for the COMBINED condition and PREDICTED variable in the 4 (pooled) 
directions. Columns represent calculated area under the curves (AUC) ± 1 SE over the 150- to 550-ms interval 
post trigger. Asterisks indicate significant differences for backward directions (post hoc t-test, P <0.01), but 
not for forward directions (P <0.13). (D) Population traces of A-P COM velocity and stimulus profile in the pitch 
forward directions. (E) Same for pitch backward directions.
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a CoM displacement that was initially in the 
same direction as the platform perturbation. 
For forward pitch perturbations, A-P COM 
displacement during the COMBINED condi­
tion equalled the PREDICTED condition, and 
both were greater than the REACTIVE condi­
tion alone. In contrast, for pitch backward 
perturbations, COMBINED A-P COM move­
ments were smaller than the PREDICTED 
responses. Similar effects were observed for the 
other directions, with always equal or slightly 
greater than expected A-P COM movement 
for pitch perturbations
with a forward component, versus signifi­
cantly smaller COMBINED responses for the 
backward pitch perturbations (Figure 3.3C). 
This was confirmed statistically, showing that 
A-P COM was influenced by a condition x 
direction interaction effect (F066) =135.72; P 
<0.01). These changes in COM position were 
confirmed by analyses of COM velocity (popu­
lation traces shown in Figure 3.3D & E), which 
revealed that for forward rotations, the peak 
A-P COM velocity during the VOLUNTARY 
condition was of similar magnitude to the 
REACTIVE condition. In contrast, for back­
ward rotations, the REACTIVE and VOLUN­
TARY responses were of opposite polarity 
(condition x direction interaction effect; F(366) 
=36.63; P <0.01).
Influence of knee velocity on A-P COM velocity
To further explore the observed differences in 
COM displacement and knee angle between 
forward and backward pitch perturbations, 
we investigated the relationship between knee 
velocity and A-P COM velocity (at 300ms, 
when CoM velocity peaked; Figure 3.3D and 
E). In the REACTIVE condition, this rela­
tionship showed a non-significant trend for 
forward rotations (r =0.35; P =0.09) and no 
relationship for backward rotations (r =0.01; 
P =0.97; Figure 3.4A). In the COMBINED 
condition, the relationship between knee 
velocity and A-P COM velocity was higher for 
forward rotations (r =0.72; P <0.01) compared 
to backward rotations (r =0.47; P =0.02; Figure 
3.4B) and had a steeper slope (t >200; P <0.01).
Near-falls
We recorded eight near-falls in four differ­
ent subjects (four near-falls in one subject, 
two in another; two subjects experienced 
one near-fall). All near-falls occurred follow­
ing backward-directed perturbations and in 
combination with cued voluntary knee flex­
ion (COMBINED). Figure 3.5 provides the 
averaged responses recorded during the four 
near-falls of the subject with the most frequent 
near-falls, as compared with four averaged 
no-falls responses. The near-falls responses are 
characterized after 250 ms by excessive A-P 
COM velocity, increased knee flexion velocity, 
decreased arm movements and greater EMG 
activity.
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A. REACTIVE B. COMBINED
Knee velocity at 300 ms (deg/s) Knee velocity at 300 ms (deg/s)
Figure 3.4 Regression of A-P COM velocity to knee velocity at 300 ms. (A) For the REACTIVE condition. (B) 
Same for the COMBINED condition.
Compensating trunk and arm movements
Both trunk and arm movements appeared 
to partially compensate for the insuffi­
cient forward COM movement during the 
COMBINED condition after backward 
perturbations. Trunk flexion is shown for 
pure backward pitch perturbations in Figure 
3.6A. During the VOLUNTARY condition, 
some 5 deg flexion of the trunk occurred. For 
pure backward perturbations the REACTIVE 
condition initially showed approximately
5 degrees of trunk flexion, which subse­
quently decreased (Figure 3.6A). Larger trunk 
responses in the COMBINED condition than
PREDICTED were present for all perturba­
tions with a backward component, and, to a 
lesser extent, for perturbations with a forward 
component (Figure 3.6B). This difference 
between forward and backward rotations was 
significant (condition x direction interaction 
effect; F(369)=7.59; P <0.01). Post-hoc analy­
ses showed that the COMBINED responses 
were only marginally different from the 
PREDICTED responses for forward pertur­
bations (P =0.06), but significantly greater 
for backward perturbations (P <0.01; Figure 
3.6B).
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Figure 3.5 Responses when no falls were registered compared with responses when nearly fallen. Traces 
of 4 averaged near-fall responses compared with 4 averaged no-fall responses to backward pitch perturbations 
for the subject with the most near-falls. Traces are given for A-P COM velocity, knee angle, upper arm angle, 
tibialis anterior, biceps femoris, and deltoid medium.
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Figure 3.6 Differences in trunk pitch angle and arm elevation. (A) Traces of the trunk angle in pitch (C) Same 
for elevation of the arms. (B) Differences in total AUC between the COMBINED condition and PREDICTED vari­
able for trunk pitch. (D) Same for elevation of the arms.
Elevation of the upper arms is shown for pure 
backward pitch perturbations in Figure 3.6C. 
In the VOLUNTARY condition we recorded 
an arm elevation of approximately 2 degrees. 
During the COMBINED condition, this upper 
arm elevation was greater than PREDICTED 
for all perturbations with a backward compo­
nent, but smaller for perturbations with a 
forward component (Figure 3.6D). This differ­
ence between forward and backward rotations 
was significant (condition x direction interac­
tion; F(5,12) =3.09; P =0.01). Post-hoc analyses
showed that the COMBINED responses were 
not different from the PREDICTED responses 
for forward perturbations, but significantly 
greater for pure backward pitch perturbations 
(P <0.01; Figure 3.6D).
Anticipatory postural adjustments
As expected, we observed anticipatory 
postural reactions prior to actual knee move­
ment during VOLUNTARY knee flexions, 
as reflected by increased tibialis anterior and 
decreased soleus activity (Figure 3.7A). This
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Figure 3.7 Population traces of knee velocity, A-P torque, as well as electromyographic (EMG) activ­
ity in m. tibialis anterior and m. soleus. Demonstrated are the similarly directed torque responses in (A) the 
VOLUNTARY condition, (B) the REACTIVE condition for a forward perturbation and (C) COMBINED and forward, 
opposed to responses to (D) REACTIVE and backward and (E) COMBINED and backward. Onsets of anticipa­
tory postural reactions are defined by exceeding either the 2 Nm torque threshold or the 50 deg/s knee flexion 
threshold.
early activity generated an ankle dorsiflexion 
torque, which preceded voluntary knee flex­
ion. We were interested to see to what extent 
the reactively generated ankle responses (as 
induced by platform motion) were support­
ing or “working against” these anticipatory 
postural reactions. Important differences 
between forward and backward platform 
rotations emerged that may explain why it is 
relatively more difficult to incorporate knee 
flexions for backward directed rotations. 
Thus, for forward rotations in the REAC-
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TIVE condition, the platform-induced ankle 
torque was appropriately directed (i.e. also 
in dorsiflexion) to support the subsequently 
requested voluntary knee movement (Figure 
3.7B). This resulted in rapid knee flexion 
during the COMBINED condition (Figure 
3.7C). In contrast, for backward rotations, 
the platform-induced ankle torque was oppo­
sitely (i.e. plantar flexion) directed to the ankle 
torque generated by voluntary knee flexion 
(Figure 3.7D). Because of this, knee flexion 
was delayed in onset during the COMBINED
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condition until the ankle torque had moved 
into a dorsiflexion direction (Figure 3.7E). 
Furthermore, the pattern of early unloading 
in soleus and activity in tibialis anterior was 
lacking. The delayed onset of knee flexion for 
backward rotations was also confirmed statis­
tically (significant main effect o f direction for 
the COMBINED condition; F(5 12}=26.54; P 
<0.01). Post-hoc analyses revealed significant
differences between the forward and backward 
pitch perturbations (P <0.01).
Muscle response amplitudes
Figure 3.8 shows the responses of three differ­
ent muscles for pure pitch perturbations (back­
ward and forward). During the early EMG 
intervals (prior to 200 ms), all muscles showed 
comparable or mildly increased activity during
Figure 3.8 Population average EMG traces of the left deltoid medium, rectus femoris, and tibialis ante­
rior muscles. Traces are shown for all 3 test conditions and the PREDICTED variable for forward (A, C, E) and 
backward (B, D, F) perturbations.
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Direction
Forward Pitch Backward Pitch
Muscle COMBINED PREDICTED Diff COMBINED PREDICTED Diff
Tibialis Anterior 10.21 (12.47) 20.91 (20.58) n.s. 59.78 (19.91) 48.02 (32.53) *
Soleus 2.00 (2.03) 2.80 (2.24) n.s. 2.08 (3.10) -0.41 (4.43) *
Rectus Femoris 5.10 (2.89) 3.98 (2.87) * 5.00 (3.63) 5.99 (3.13) n.s.
Paraspinals 1.58 (2.03) 2.27 (2.76) n.s. 4.56 (3.48) 2.66 (2.26) *
Table 3.1 Summary of data for direction of platform rotation (forward pitch and backward pitch) and 
condition (COMBINED and PREDICTED). Mean EMG amplitudes (area under the curves (AUC, units i^v.s)) ± 
1 SD in the interval of 300 to 500 ms for each muscle (tibialis anterior, soleus, rectus femoris and paraspinals). 
The table summarizes data for direction of platform rotation (forward pitch and backward pitch) and condition 
(COMBINED and PREDICTED). Results of the Student’s t-tests are shown (Diff) for the data as function of condi­
tion. Preceding significant (P <0.01) ANOVAS, F (3,69) had F-values between 9.8 and 24.6. * symbol for P <0.01; 
n.s. not significant.
the COMBINED condition as compared to the Muscle response onset latencies
PREDICTED condition. A significant increase Onset latencies were on average reduced by 17
was only observed for medial deltoid activity ms in the COMBINED condition compared
for backward pitch perturbations (P <0.01). to the REACTIVE condition, as evidenced by
This was confirmed statistically, showing that a condition x direction interaction in medial
activity in the medial deltoid muscle was deltoid (F(324) =4.34; P <0.02), rectus femoris
influenced by a condition (COMBINED vs. (F(3 57) =3.53; P <0.05) and external oblique
PREDICTED) x direction interaction effect muscles (F(366) =3.21; P <0.05). Post-hoc analy-
(F(396) =3.85; P <0.01). Table 3.1 summarizes sis revealed that these reductions in onset
the other significant differences between the latency were only significant for backward (or,
COMBINED and PREDICTED variables. in the case of left external oblique, leftward)
Generally the differences had opposite signs rotations. For example, onset latency of the
for forward and backward pitch_ perturba­ medial deltoid muscle was shortened from 152
tions (Figure 3.8C-F). For backward rota- ms ± 24 ms (mean ± SD) during the REAC­
tions, the decreased amplitudes in soleus and TIVE condition to 132 ± 23 ms during the
increased amplitudes in tibialis anterior for the COMBINED condition for pitch backward
COMBINED condition will assist in moving perturbations.
the COM forward, but the increased activity
in paraspinals for the COMBINED condition
would act in the opposite direction.
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DISCUSSION
We studied the ability ofyoung healthy subjects 
to implement voluntary knee flexion during 
automatic balance corrections. We hoped to 
understand if and how the central nervous 
system (CNS) would change or adjust exist­
ing movement strategies and muscle syner­
gies, to create a stable and integrated balance 
correction. Our key findings were that subjects 
could incorporate voluntary knee flexion into 
their balance corrections. When stance was 
perturbed in a forward direction the forward 
COM displacement increased, yet this had 
no detrimental effect on balance corrections. 
When stance was perturbed backward, a 
destabilizing effect occurred, and this neces­
sitated compensatory changes in movement 
strategy (greater trunk flexion, arm elevation 
and earlier activation of muscle responses).
Influence of cued voluntary knee flexion on COM 
displacements
Many postural perturbations can be corrected 
for using “in place” balance corrections, 
where the feet do not leave their initial posi­
tion. Larger postural disturbances require 
additional defensive reactions, most nota­
bly corrective steps or protective arm move- 
ments.30;51;117;118 Here, we investigated the extent 
to which voluntary knee movements could be 
used to compensate for postural instability.
It has been argued that voluntary movements 
can only be executed as rapidly as balance 
corrections when these are well practiced 
and performed with a single choice paradigm 
under conditions of postural stability.119 Alter­
natively, when the perturbation is anticipated,
subjects can respond with the same response 
latency when the goal is to initiate a step or to 
maintain stance with an “in place” reaction.120 
However, when responding to sudden balance 
perturbations, simultaneous voluntary move­
ments could lead to postural instability by 
disrupting the kinematic strategy which the 
CNS normally attempts to simplify by avoiding 
redundancy of limb movements.103;111 None­
theless, Grin et al. showed that a voluntary arm 
raise following a sudden balance perturbation 
helped to restore balance by shifting the COM 
in a stabilizing direction, without changes in 
movement strategy or muscle synergy.115
Our present results indicate that disruption 
of the balance correcting strategy depends 
on three factors: the similarity of the required 
postural strategy to the imposed voluntary 
movement; the direction ofthe postural pertur­
bation; and the similarity of the COMBINED 
response to the PREDICTED response. When 
subjects were perturbed forward, the two 
separate movement strategies were very simi­
lar, and this resulted in a substantial forward 
displacement of the COM in the COMBINED 
condition, but without near-falls. Indeed, we 
found no difference between the observed 
COMBINED condition and the calculated 
PREDICTED variable, suggesting an adequate, 
stable integration of the two concurrent strate­
gies. This explanation is supported by the high 
correlation between knee flexion velocity and 
A-P COM velocity when perturbed forward. 
In contrast, when perturbed backward, cued 
voluntary knee flexion appears to disrupt the 
balance correcting strategy, as several near­
falls were observed. In addition, we found no 
correlation between knee flexion velocity and
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A-P COM velocity when perturbed backward. 
Furthermore, COMBINED condition values 
were different from PREDICTED values, 
suggesting that both strategies could not be 
integrated into one stable strategy, and that 
instead a change in strategy was required.
Changes in strategy
We explored this strategy change by analyzing 
displacements of individual body segments. 
When pitched forward, the movement pattern 
was not changed in the COMBINED condi­
tion compared with the VOLUNTARY condi­
tion, as all segments remained oriented in the 
same direction. When perturbed backward, 
the normal strategy (as observed in the REAC­
TIVE condition) was changed both temporally 
and spatially when cued voluntary knee flex­
ion was enforced. Specifically, although the 
required amount of voluntary knee flexion in 
the COMBINED condition was reached, the 
automatic plantar flexion torque that normally 
accompanies backward platform tilts had to be 
overcome first. Therefore, onset of knee flex­
ion velocity occurred later in the COMBINED 
condition than PREDICTED.
Compensatory strategies
One of our aims was to determine if voluntary 
knee flexion might serve as a compensatory 
strategy for specific fall directions. Follow­
ing forward platform tilts, extra voluntary 
knee flexion produced no instability. We did 
observe a lowering of the COM, which could 
be interpreted as beneficial as a lower COM 
might reduce the impact of a fall. However, 
COM was lowered only modestly, and our 
study was not designed to evaluate changes in 
contact forces following a fall.
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Following backward platform tilts, volun­
tary knee flexion was again associated with a 
lowering of the COM. However, knee flexion 
disrupted the automatic balance correcting 
strategy and led to instability (less forward 
shift of the A-P COM than predicted), as the 
recorded near-falls indicate. This negative 
effect of voluntary knee flexion was to some 
effect ameliorated by extra trunk flexion and 
arm movements. We interpreted these changes 
as compensation.
Balance perturbations were always accompa­
nied by a tone, in order to be consistent across 
conditions, even when knees-only bending 
was required. It would be interesting to inves­
tigate whether and how subjects can integrate 
knee flexion into balance corrections without 
a tone, as this would be relevant for e.g. daily 
life performance where a warning tone would 
be absent in case of an imminent fall. Studying 
compensatory knee flexion following balance 
perturbations without an accompanying tone 
could be a target for future research studies.
Changes in synergies
Previous studies have shown that volun­
tary modifications of the natural response to 
balance perturbations can be associated with 
changes in postural synergies.120 For example, 
subjects who were instructed not to resist 
sudden postural perturbations were able to 
markedly modify amplitudes of their balance 
correcting responses.40 We also recorded 
surface EMG to explore possible changes in 
postural synergies. Later occurring muscle 
activity (300 to 500 ms after the perturba­
tion) was increased in rectus femoris, and this
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helped to stabilize the already accomplished 
degree of knee flexion.
Analysis of EMG activity in ankle, trunk and 
arm muscles underscored the compensatory 
changes in movement strategies. For example, 
EMG activity between 300 to 500 ms from 
stimulus onset in ankle and paraspinal muscles 
was increased for the COMBINED condition 
following backward tilts, and this helped to 
compensate for the negative effect of voluntary 
knee flexion by generating greater stabilizing 
movements of the ankle and trunk. However, 
this activity did not compensate sufficiently to 
place the COM in the predicted stable posi­
tion.
Changed muscle response onset latencies
Cued knee flexion also changed the timing 
of muscle responses in the postural synergy. 
Thus, for backward directed perturbations, 
onset latencies in medial deltoid and rectus 
femoris muscles were reduced as part of the 
changed synergy. This finding was somewhat 
surprising, because the order of the perturba­
tion directions was randomized. Therefore, 
we assumed that subjects would be unable to 
adopt specific anticipatory postural adjust­
ments. Such context-dependent modulation of 
onset latencies has been described earlier. For 
example, earlier muscle activation has been 
demonstrated when voluntary arm abduc­
tions were combined with laterally directed 
balance perturbations.115 We assume that 
these earlier onsets represent an attempt by 
the CNS to counter the inherent instability 
of the COMBINED condition for backward 
perturbations. Regardless of the mechanism 
involved, the general shift towards earlier
onset latencies in the COMBINED condition 
provides further evidence that the voluntary 
responses were incorporated into the balance 
correction.
Another explanation for early muscle response 
onsets in the COMBINED condition when 
perturbed backward could be the occurrence 
of startle responses. Earlier onset latencies of 
balance corrections following platform tilts 
have been described in patients with Parkin­
son’s disease, possibly because the fall induced 
a startle-like response.72 In this case, the startle 
response would have been provoked by the 
somatosensory cue of the platform perturba­
tion, and not by an auditory cue.121-123 However, 
this seems unlikely because onsets of such star­
tle responses typically occur earlier, at 75 ms in 
rectus femoris and at 78 ms in medial deltoid 
muscles121, than the minimum onset of about 
100 ms observed here. A more likely expla­
nation is that the preparatory aspects of the 
voluntary response interacted with somato­
sensory reflex activity and thereby released 
pre-programmed balance responses at earlier 
onset latencies. The reduction in onset laten­
cies would then result from intersensory facili­
tation124 or a facilitated release of the postural 
synergy from subcortical structures.
53
Chapter 3
Conclusions
Healthy young adults can incorporate volun­
tary knee flexion into balance correcting 
responses. This is achieved through direction- 
dependent adaptations of postural synergies 
associated with selective modulation of both 
amplitudes and onset latencies of muscle activ­
ity. Biomechanically, this has negative effects 
on stability for postural perturbations causing
backward tilt of the COM. Interestingly, young 
subjects were able to partially counteract the 
negative effects on postural stability by engag­
ing compensatory adaptations in trunk flexion 
and arm movements. As such, the experimen­
tal design used in this study may offer a prom­
ising avenue to test the adaptive plasticity of 
the CNS to optimize postural control under 
variable circumstances.
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Directional sensitivity of "first trial" reactions 
in human balance control
4
ABSTRACT
Support-surface movements are commonly used to examine balance control. Subjects typically 
receive a series of identical or randomly interspersed multidirectional balance perturbations, 
and the atypical “first trial reaction” (evoked by the first perturbation) is often excluded from 
further analysis. However, this procedure may obscure vital information about neurophysiologi- 
cal mechanisms associated with the first perturbation and, by analogy, fully unexpected falls. 
We studied first trial reactions, aiming to clarify its directional impact on postural control and 
to characterize the underlying neurophysiological substrate. We instructed 36 subjects to main­
tain balance following support-surface rotations in six different directions. Perturbations in each 
direction were delivered in blocks, consisting of 10 serial stimuli. Full body kinematics, surface 
reactive forces and electromyographic (EMG) responses were recorded. Regardless of direction, 
for the very first rotation, displacement of the centre of mass (COM) was 15% larger compared to 
the ensuing nine identical rotations (P <0.0001). This first trial reaction immediately re-emerged 
whenever a new perturbation direction was introduced. First trial reactions (and near-falls) were 
greatest for backward directed rotations, and smallest for laterally directed rotations. This direc­
tional dependence coincided with early changes in vertical head accelerations. First trial reactions 
in EMG responses involved larger amplitudes in general and earlier muscle response onsets in 
upper body muscles. These findings show that first trial reactions are associated with significantly 
increased postural instability mainly due to increased response amplitudes. Although rapid habit­
uation occurs following presentation of identical stimuli, subjects immediately become unstable 
again when the perturbation direction suddenly changes. Excessive responses due to a failure to 
combine proprioceptive and vestibular cues effectively may explain this instability seen with first 
trials, particularly when falling backward.
Published as:
Oude Nijhuis LB, Allum JHJ, Borm GF, Honegger F, Overeem S and Bloem BR. Directional sensi­
tivity of “first trial” reactions in human balance control. Journal of Neurophysiology 2009 June; 
101(6):2802-14.
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INTRODUCTION
Investigating equilibrium and unravelling the 
pathophysiology underlying falls is complex 
because many factors contribute.125 One 
commonly used method to evaluate balance 
is dynamic posturography, using standardized 
balance perturbations, often through sudden 
movements of a support surface.16;126 In many 
of these experiments subjects are exposed to 
a series of identical support-surface pertur­
bations, and the averaged response is used 
for further analyses. Other studies have used 
a random mix of multidirectional support- 
surface perturbations (in order to reduce stim­
ulus predictability), and again the averaged 
response for a given perturbation direction is 
used post-hoc for further analyses.30;31;63
One of several known drawbacks to the 
averaging approach is that the amplitude of 
postural reactions gradually diminishes with 
stimulus repetition -  a phenomenon called 
adaptation or habituation.29;37;58 Studies using 
surface electromyography (EMG) have shown 
that the response amplitude is typically great­
est when the postural perturbation is deliv­
ered for the very first time.29;37;49 This “first 
trial response” is a consistent phenomenon 
that has been observed under widely vary­
ing experimental conditions.50-54;127 The great­
est amplitude reduction across trials occurs 
between the first balance perturbation and the 
second, identical one. A further, more gradual 
habituation is seen across the next set of iden­
tical perturbations.37;49 The first trial response 
is usually excluded from further analyses 
because it looks different compared to subse­
quent responses.30
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Excluding the first trial reaction might well 
lead to loss of relevant information. First, it is 
neurophysiologically interesting to examine 
the specific nature of the first trial reaction, for 
example to identify the critical triggers that can 
provoke this first trial effect. Second, first trial 
effects may be significant in terms of impact 
on postural control depending on the direc­
tion of the balance perturbation. We suspect 
that large EMG amplitudes or early onsets 
associated with first trial responses may lead 
to excessive balance corrections, and perhaps 
even adversely affect balance if co-contraction 
occurs with loss of intersegmental flexibility. 
However, it remains unknown whether first 
trial reactions in different directions are asso­
ciated with worsening, no effect on, or perhaps 
even improvement of postural control.
In this study, we first investigated if the differ­
ence in habituation rate of postural stability 
between the very first and following second 
trial was larger compared to the habituation 
rate in following trials regardless of pertur­
bation direction. This was referred to as the 
first trial effect. Next, we investigated if the 
magnitude of the first trial effect depended 
on the direction of the perturbation. Then, 
we investigated if the first trial effect could be 
re-installed in fully habituated subjects by a 
sudden change of perturbation direction. For 
these studies we used a design that incorpo­
rated series of identical perturbations called 
blocks. These blocks of trials in different direc­
tions were randomized across subjects. Our 
primary hypothesis was that pitch directed 
perturbations would induce the greatest first 
trial effects as this direction is associated with 
the largest and earliest head accelerations.69
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In keeping with a generally absent influence 
of vestibular cues on the onsets but not on 
the amplitudes of balance corrections128, we 
assumed that first trial effects would be ampli­
tude and not onset dependent.
METHODS
Participants
Thirty-six healthy subjects (18 men; mean 
age 23 years, range 19-30 years) participated. 
Exclusion criteria included self-reported 
neurological, balance or musculoskeletal 
disorders. Participants gave written informed 
consent prior to the experiment. We purposely 
included a homogenous group of young and 
healthy subjects, to reduce variability in the 
data and obtain a clear view of first trial effects. 
Experiments were conducted according to the 
standards of the Declaration of Helsinki. The 
Institutional Review Board of the University 
Hospital Basel approved the study. Subjects 
were paid a nominal fee for their participation.
Experimental protocol
Balance control was assessed using previously 
used techniques.31*68 Subjects had never before 
participated in a posturography experiment. 
Participants stood on a servo-controlled dual­
axis rotating platform with their arms hanging 
by their sides (Figure 4.1A). The ankle joint 
was aligned with the pitch axis of the platform 
and the roll axis passed between the feet. Two 
assistants were present to lend support in case 
of an actual fall.
Platform rotations
Subjects were tilted by the support-surface 
platform at a constant amplitude of 7.5 
deg and velocity of 60 deg/s. Platform tilts 
occurred in six different directions, defined 
in degrees where 0° reflected facing forward 
(Figure 4.1B). The directions were the same as 
previously published.115 Each platform tilt was 
preceded by a random 10-20 s delay, during 
which visual feedback of the participants’ own 
anterior-posterior and medio-lateral ankle 
torques was presented to the participant on a 
cross with light-emitting diodes positioned 4 
m in front of the subject. The visual feedback 
was used to standardize the pre-stimulus posi­
tion of participants across trials and a stimu­
lus was not presented until ankle torque was 
within a range of 4Nm.
Design
The experiment started without any preceding 
trials (which are normally done to familiarize 
subjects with the experimental conditions), so 
the very first perturbation was fully unprac­
tised. Subjects received 6 blocks of 10 identical 
stimuli (Figure 4.1C), each block with a differ­
ent perturbation direction. We used 10 stimuli 
per block in accordance with previous stud­
ies.29^ 50 By using the blocked design we were 
able to quantify the first trial effect - the habit­
uation between trials 1 and 2, compared to the 
habituation rate in trials 2 to 10 - with pertur­
bation direction. For a separate study, subjects 
received another 3 blocks with a different type 
of stimulus, which were not included in the 
present analysis. The order of all blocks was 
counterbalanced across subjects using a Latin- 
square design, so each possible stimulus was 
delivered once as first. This randomization of
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blocks enabled us to investigate the possible 
re-emergence of first trial effects with a sudden 
change of direction. Leaving out the 3 blocks 
with a different stimulus type, the randomiza­
tion design resulted in 24 subjects receiving 
one ‘true’ first trial, that was fully unpractised 
(including the new experience of standing on 
a tilting platform), as well as five more first 
trials whenever the perturbation direction was 
changed.
Before the start of the experiment, subjects 
were informed that they were about to be 
perturbed in multiple different directions, 
but the specific nature of the experiment and 
the number of possible perturbation direc­
tions was not specified. Subjects had no prior 
knowledge about the characteristics and the 
direction of the platform movements. The 
interval between trials and between blocks was 
randomly varied.
Outcome measures
We recorded kinematic, kinetic and elec­
tromyographic responses. Participants were 
instrumented with eighteen infrared emitting 
diodes (IREDs) to collect full body kinemat­
ics (Figure 4.1A). The IREDs were placed on 
the following anatomical landmarks: frontally 
at the level of the malleoli, at the centre of the 
patellae, frontally at the level of the greater 
trochanters, anterior superior iliac spine, 
elbow axis, acromion, processus styloïdeus, 
temple, one at the chin and one at the sternal 
angulus. Three additional IREDs, placed at 
both front corners and one at a back corner 
of the rotational surface were used to track all 
pitch and roll movements.
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The OPTOTRAK motion analysis system 
(Northern Digital Canada Inc., Waterloo) 
tracked the IREDs with a frequency of 64 Hz.
Ankle torques were calculated from support- 
surface reaction forces measured with strain 
gauges embedded in the rotating support 
surface. Head linear and angular accelerations 
were computed using analogue signal process­
ing from the outputs of four dual axis linear 
accelerometers (Entran USA, Lexington), with 
ranges of ± 5 g, each mounted at 90° separa­
tion (as viewed in the transverse plane) on a 
lightweight, adjustable, tight head-band. Head 
vertical linear acceleration was computed, for 
example, from the sum of all four accelerome­
ter signals with a vertical component, whereas 
head roll acceleration was computed from the 
difference in vertical linear accelerations at the 
ears. Accelerometers were adjusted to be in the 
gravity plane at the start of the experiment, 
but not corrected thereafter. All analogue 
computed signals were sampled at 1024 Hz.
Surface electromyography (EMG) signals were 
recorded on the left side from tibialis ante­
rior, soleus, gluteus medius, external oblique, 
paraspinal muscle at the L1-L2 level of the 
spine, triceps brachii, medial deltoid and ster­
nocleidomastoid muscle. Pairs of silver-silver 
chloride electrodes were placed approximately
3 cm apart along the muscle bellies and the 
electrodes as well as lead lengths assigned to 
individual muscles were not changed between 
subjects. EMG amplifier gains were kept 
constant throughout the experiments. EMG 
recordings were band-pass analogue filtered 
between 60-600 Hz, full wave rectified, and 
low pass filtered at 100 Hz with a 3rd-order
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Roll left
248°
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1st Trial
Figure 4.1 Experimental set-up and design. (A) Experimental set up. From the IRED positions the vector centre 
of mass (COM) was calculated as an “overall” measure of postural performance. (B) View from above of the 
servo-controlled dual-axis rotating platform. The platform delivered standardized tilts in 6 different directions 
that were defined in degrees. (C) Schematic representation of the Latin-square design used. Subjects received
6 blocks of 10 identical stimuli, each block with a different perturbation direction. For a separate study, subjects 
received another 3 blocks with a different type of stimulus, which were not included in the present analysis. The 
order of all blocks was counterbalanced across subjects using a Latin-square design, so each possible stimulus 
was once delivered as first.
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Paynter filter prior to sampling at 1 KHz. All 
biomechanical and electromyography record­
ings were initiated 100 ms prior to the onset of 
platform rotation and had a sampling duration 
of 1 s.
Data analysis
Vector COM. The primary outcome meas­
ure was an overall measure of balance called 
‘vector COM, based on the displacement of 
the Centre of Mass (COM ) in the anterior­
posterior, medial-lateral and vertical planes.129 
The COM displacement was calculated using a 
12-body segment adaptation130 of the 14-body 
segment model of Winter et al.131 We calcu­
lated as the area under the curve (AUC) of 
the rectified total COM displacement in each 
plane, using trapezoid integration within the 
interval of 100 to 800 ms from stimulus onset. 
Finally, the AUC of vector COM was calcu­
lated as a vector “length” of the integrals in the 
anterior-posterior, medial-lateral and vertical 
planes for each individual trial.130
Vector COM - very first trial. To investigate 
the impact of the very first trial across all 
directions, the average vector COM in trial
1 was compared to trial 2. The difference 
between the two trials was compared to trials
2 to 10, across all platform directions (Figure 
4.1C). This was referred to as the “first trial 
effect”. To investigate the first trial effect over 
time, the average vector COM across trial 1 in 
the remaining blocks (trials 11, 21, etc.) was 
compared to trials 2 to 10 within those blocks. 
An example of the way the vector COM was 
averaged in the above-mentioned compari­
sons is given by the left grey column of Figure
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4.1C, showing the averaging of the first trial in 
the second block (trial 11).
Subsequent analyses showed that the first trial 
effect diminished throughout the experiment, 
being most prominent during the first two 
blocks. Therefore, all following explorative 
analyses on the nature of the first trial effect 
used the first two blocks which displayed the 
greatest first trial effect.
Vector COM - influence o f  platform direction.
To investigate the influence of rotation direc­
tion on the first trial effect, the vector COM 
was averaged within each direction of platform 
rotation (Figure 4.1C; right grey column). 
Thus the first trial was compared to trials 2 to 
10 within each of the six rotation directions.
Ankle torques. To measure differences in 
ankle torques between the first and second 
trial, peak amplitudes of these biphasic signals 
were determined. An interval of 50 ms around 
these peaks was used for calculation of the area 
under the curve. Furthermore, the time of the 
peaks was calculated.
Electromyography. EMG amplitudes were 
calculated from the EMG traces of the indi­
vidual trials. Trapezoid integration was 
performed over a balance-correcting interval 
of 100 to 200 ms after onset of the platform 
rotation. Furthermore, the amplitude was 
calculated over an interval of 700 to 800 ms, 
when signals had reached plateau values as 
the body was set in a new stable position. The 
EMG areas were corrected for baseline EMG 
activity prior to stimulus onset. EMG onset- 
latencies were calculated using a semi-auto­
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matic computer algorithm that searched for a 
response peak and subsequently moved back­
wards in time and determined when the signal 
of the individual trace exceeded 2.5 standard 
deviations above background muscle activity. 
All traces were visually inspected and checked 
for consistency.
Body segment movements and head 
accelerations. To investigate the changes 
previously observed in COM more closely, 
the changes in individual segment angles that 
were incorporated in the COM model and the 
head accelerations were calculated. Therefore, 
the total area under the response curve was 
calculated over an interval of 100 to 800 ms 
after onset of platform movement.
Near-falls. The number of near-falls was regis­
tered as well as the trials and platform direc­
tions during which these occurred. A response 
was defined as a near-fall when the subject 
required external support to prevent a fall.
Statistical analyses
Prior to analysis all data-values were log-trans­
formed to correct for the skewed distributions. 
For analysis of the main outcome measure 
(vector COM), we used a linear random 
effects model (mixed model analysis) to deter­
mine the presence of the first trial effect within 
each block; to compare the first trial effect 
recorded in block 1 and block 2 with the first 
trial effects in block 3 to 9; and to compare the 
first trial effect between the different platform 
rotation directions. For these latter statistical 
analyses, the six independent platform direc­
tions were divided into their forward, lateral 
and backward components. The results of the
analyses were back-transformed into percent­
ages. To explore the changes underlying our 
main findings, we used Student’s paired i-tests 
to compare differences between the first and 
second trial for anterior-posterior ankle 
torque, body segments, head accelerations and 
EMG values. Vector COM values are presented 
as means ± 95% confidence intervals (CIs). For 
all other values the data-values are presented 
as means ± SDs. Differences with a P-value of 
<0.05 were considered significant.
RESULTS
The biomechanical impact of the first trial reaction
All subjects had, by definition, only one very 
first trial that was fully unpractised. When 
averaged across all directions, this very first 
balance perturbation resulted in greater 
postural instability (reflected by greater COM 
displacements) compared to all subsequent 
responses to identical balance perturbations 
(Figure 4.2A). For example, within the first 
block, the mixed model analysis showed that 
the amplitude of vector COM was 15% greater 
during the very first trial, compared with trials
2 to 10 (P <0.0001; Figure 4.2A & B).
The first trial effect over time
The first trial effect (with greater displacement 
of the COM) re-emerged in subsequent blocks 
(Figure 4.2B). In other words, immediately 
following a change in rotation direction, the 
amplitude of vector COM was 5 - 15% greater 
in the first trial of a particular block compared 
to the subsequent and identically directed 
perturbations. However, the magnitude of the
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first trial effect diminished as subjects were 
exposed to increasingly more blocks of pertur­
bations (Figure 4.2B). The first trial effect was 
9% greater in the very first block compared 
to that in blocks 3 to 9 (P <0.01). In addition, 
the effect was 6% greater in the second block 
compared to blocks 3 to 9 (P =0.10).
Influence of rotation direction on the first trial effect
The first trial effect on vector COM was great­
est for backward directed platform rotations 
(first trial 33% greater than subsequent trials;
95% CI =22-45%; P <0.0001), in particular for 
the backward right rotations (158°), and was 
smallest (3% difference; 95% CI =-4 - 10%; P 
<0.10) for laterally directed rotations (Figure 
4.3A & B). For forward rotations the first trial 
effect was 12% (95% CI =5 - 19%; P <0.01).
Overall instability was also directionally 
dependent: for backward rotations, the ampli­
tude of vector COM for the first trial was 19%
(95% CI =7 - 32%) greater compared to
Figure 4.2 Amplitude of the vector COM over time. (A) Traces of the vector COM for trials 1, 2 and 10 in the 
first block of 10 identical tilts. (B) Total area under the curve (± 95% CI) of the vector COM, averaged per trial 
number, irrespective of the direction of platform tilt.
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Figure 4.3 Amplitude of the vector COM per platform direction. (A) In the upper panels, traces of the vector 
COM displacement across trials 1, 2 and 10 are shown, for balance perturbations that were either directed 
backward (158° and 203°), forward (45° and 315°) or lateral (113° and 248°). (B) Mean total area under the curve 
(AUC) of the vector COM for the forward (45° and 315°), backward (158° and 203°) and lateral (113° and 248°) 
directions. The error bars indicate the 95% CIs. For the statistical analyses, the six independent perturbation 
directions were divided into their forward, lateral and backward components.
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forward rotations, and 28% (95% CI =16 - 
43%) greater compared to lateral rotations 
(P <0.0001).
Further characterization of first trial 
reactions
The first trial reaction was greatest for responses 
obtained following backward directed pertur­
bations (Figure 4.3B). To further characterize 
the response differences between the first and 
second identical rotation, we concentrated on 
the 158° direction as this had the largest effect
(Figure 4.3B). For these studies, we analyzed 
ankle torques, EMG responses, body segment 
displacements and head accelerations. The 
COM displacement for the first trial in the 
158° direction was mostly directed backward, 
and to a lesser extent downward and rightward 
(Figure 4.4).
Ankle torques for 158° rotations
Peak ankle torques to a first backward plat­
form rotation were delayed and had increased 
amplitudes compared to the second, identical
Figure 4.4 Anterior-posterior, medio-lateral and vertical COM displacement to backward right rotations.
Average traces showing the COM displacement to a first, second and tenth backward right (158°) platform rota­
tion In (A) the anterior-posterior plane, (B) the medial-lateral plane, and (C) the vertical direction.
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perturbation (Figure 4.5A). Specifically, the 
early (maximum) peak in the plantar flexion 
torque was significantly delayed in the first 
trial compared to the second trial (by 58.4 ms; 
P <0.01) (Figure 4.5B; left panel). Furthermore, 
the maximum amplitude of plantar flexion 
torque was about one third larger in the first 
trial (P <0.01; Figure 4.5B; right panel). The 
subsequent peak dorsiflexion torque (which 
is normally associated with stabilization of the
upright position) was less well defined in the 
first trial (Figure 4.5A). It was also delayed (by 
278.3 ms; P <0.01) (Figure 4.5C; left panel), 
and had a greater amplitude in the first trial 
compared to the second (P <0.01; Figure 4.5C; 
right panel).
Muscle responses for 158° rotations
The amplitudes of muscle activity were 
generally higher in response to the first trial
Figure 4.5 Ankle torques in reaction to the first and second backward right rotations. (A) Average traces 
showing the ankle torque in the first and second platform rotation to backward right (158°). In the lower panel 
the platform inclination is depicted. (B) Error bars (± SD) showing the time to the peak (left panel) and the peak 
amplitude (right panel) ankle plantar flexion torque of the first and second trial with 158° as direction (C) Error 
bars (± SD) showing the time to the peak ankle dorsiflexion torque (left panel) in the first and second trial and the 
peak amplitude (right panel) for the first two blocks with 158° as direction.
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compared with the second trial (Figure 4.6). 
The earliest change was an increased synchro­
nized activity between 100 and 200 ms in all 
muscles, except tibialis anterior for which the 
increased activity was extended considerably 
past 200 ms. A second change in activity was 
noted after 400 ms in all muscles shown in 
Figure 6 (and summarized in Table 4.1). The 
first trial effect was significant over the period 
100 - 200 ms in all muscles except tibialis ante­
rior and paraspinals. Increases in background 
muscle activity could not explain the observed
differences in automatic postural responses 
amplitudes at 100 ms. In fact, background 
activity in soleus and gluteus medius was 
significantly lower in the first trial compared 
to the second trial (P <0.05). Earlier stretch 
reflex activity, for example in soleus, was also 
not increased in the first compared to subse­
quent trials.
Onsets of automatic postural responses at 
ca. 100 ms were significantly earlier in the 
first compared to the second trial in three
Backward right (158°)
Sternocleidomastoic
Medial Deltoid
Tibialis Anterior
Time after rotation (ms)
Figure 4.6 EMG recordings to the first and second backward right rotations. Average traces of EMG record­
ings in the first and second rotation to  158° for the  sternocleidom astoid, medial delto id, external oblique, soleus 
and tib ia lis anterior muscle.
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—  Trial 1
Time after rotation (ms) Time after rotation (ms)
Figure 4.7 Body segment responses to the first and second rotation. (A) Average traces of body segment 
movements to  the first and second rotation, as well as the  platform  inclination for 158°. (B) Average traces for 
315°.
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muscles: sternocleidomastoid, triceps brachii 
and gluteus medius (P <0.05) and showed a 
tendency for a delayed response in tibialis 
anterior (P =0.055) (Table 4.3). For compari­
son, no significant differences were recorded 
for forward right (45°) rotations (Table 4.3).
Body segment responses
The individual body segment responses are 
represented in Figure 4.7A for the backward
right (158°) direction. This figure illustrates 
the difference between the first and second 
trial, from which three observations can be 
distilled. First, the kinematic changes help 
to explain the observed differences in COM 
displacement between the first and second 
trial. This is demonstrated in particular by 
the large backward displacement of the pelvis, 
which will cause a backward displacement of 
the COM. Movements in all segments were
Trial Tibialis Soleus Gluteus Oblique Paraspinal Triceps Deltoid Sternoclei­
domastoid
A m plitude 
100-200 ms
1 21.93
(9.96)
5.29
(3.34)
4.05
(2.30)
2.09
(0.86)
4.82
(3.27)
2.86
(1.88)
16.55
(9.32)
4.87
(4.35)
2 25.95
(8.10)
2.69
(3.33)
2.44
(2.14)
0.73
(0.64)
2.83
(1.73)
0.85
(0.94)
9.34
(8.90)
0.87
(1.03)
S tudents ’ t-tes t n.s. * ** ** n.s. ** * ***
A m plitude 
700-800 ms
1 33.29
(18.41)
1.09
(1.77)
2.73
(2.02)
1.69
(1.77)
1.83
(1.72)
3.49
(3.35)
19.59
(14.44)
2.59
(4.63)
2 9.04
(6.95)
-0.85
(0.70)
0.40
(0.38)
-0.68
(0.23)
0.86
(1.19)
0.13
(0.16)
1.36
(1.79)
0.22
(0.12)
S tudents ’ t-tes t ** ** * * n.s. ** *** *
Table 4.1 Mean EMG amplitudes (SD) in the balance-correcting interval (100-200 ms) and at plateau value 
(700 to 800 ms).
Data-values represent mean am plitudes (SD), calculated as area under the curves for the  balance-correcting 
Interval o f 100 to  200 ms after the onset o f platform rotations to  backward right (158°). Furthermore, the mean 
am plitudes are shown for the interval o f 700 to  800 ms (at plateau value). Values are presented as mV.s. *** P 
<0.001; ** P <0.01; * P <0.05; n.s. not significant.
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B ody  segm ent Trial 1 Trial 2 Paired t-tes t
Head acceleration 4.52 (5.53) 2.34 (2.98) **
Upper arm 18.33 (11.10) 9.73 (10.03) *
Trunk 8.88 (4.89) 4.02 (4.37) **
Pelvis 219.51 (28.05) 187.70 (20.21) ***
Knee 2.50 (1.61) 1.59 (.76) *
Ankle 2.79 (.98) 3.12 (.98) n.s.
Table 4.2 Mean amplitudes (SD) of body segment responses.
Data-values represent mean am plitudes (SD), calculated for the Interval o f 100 to  800 ms after the onset of 
platform rotations to  backward right (158°). All values are given as x103 deg.s, except for pelvis (x103 mm.s) and 
head vertical linear accelerations (x103 m /s2.s). *** P <0.001; ** P <0.01; * P <0.05; n.s. not significant.
significantly increased in amplitude during 
the first trial, except for the ankle angle (Table
4.2). Second, this figure shows that the over­
all kinematic pattern within the first trial was 
compatible with a flexion response. Interest­
ingly, this flexion response appeared to be a 
relatively non-specific reaction, because a very 
similar flexion response was seen for reactions 
induced by oppositely directed platform rota­
tions, as visualized by forward (315°) rotations 
(Figure 4.7B). For example, knee flexion for 
backward rotations appeared to be similar 
to what would be expected for forward rota­
tions, even though knee flexion is detrimen­
tal for balance control when being perturbed 
backward. Third, Figure 4.7A and B both show 
clear differences between first trial reactions 
and later, more habituated reactions of the 
second trial, and also between reactions to 
forward and backward rotations. However, 
none of the observed kinematic changes 
between the first and second trials seemed to 
occur early enough to account for the early
triggering of the first trial effect, which was 
observed as early as 100 ms post-trigger in 
EMG responses.
Head accelerations and ankle dorsiflexion
The only kinematic recordings that were able 
to detect sufficiently fast reactions to serve as 
trigger for the first trial effect were the ankle 
dorsiflexion velocity and head vertical linear 
acceleration. Initially ankle dorsiflexion is 
equal to the imposed platform rotation. Both 
ankle dorsiflexion velocity and head vertical 
linear accelerations occurred sufficiently early 
(peaking within 50 ms post-trigger) to act as 
potential triggers for first trial reactions, but 
no clear differences between first and second 
trials were observed prior to 100 ms (Figure
4.8). Early head vertical accelerations were 
oppositely directed for forward and backward 
rotations, therefore a change in the direction 
of head motion (rather than its absolute
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Head vertical linear 
acceleration
(m/s2)
Ankle angular rate 
(deg/s)
Platform pitch angle 
(deg)
■ Backward right Trial 1 (158°)
■ Backward right Trial 2 (158°)
Time after rotation (ms)
Forward right Trial 1 (315°) 
— — — ■ Forward right Trial 2 (315°)
Figure 4.8 Head vertical linear accelerations and ankle flexion velocity to a first and second backward 
and forward rotation. In the  upper panel, average traces are shown for the  linear vertical acceleration of the 
head when rotated for a first and second tim e in the  backward right (158°) direction and for the  first and second 
rotation in the forward left (315°) direction. In the  m iddle panel, the ankle flexion ve locity is displayed for both 
directions.
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magnitude) might have triggered first trial 
reactions whenever a new perturbation direc­
tion was introduced.
Near-falls in the first trial for 158° rotations
During the experiments, four near-falls 
occurred, all of them following backward 
directed platform rotations. We examined 
these near-falls in detail, as this could clarify 
the relevance of the above findings for main­
taining stability. Two of the near-falls occurred
during the very first trial (in the first block), 
and two others occurred during the first trial 
in the second block (i.e. trial 11). Three of 
these near-falls were seen after a backward 
right perturbation (158°) and one for back­
ward left (203°). The averaged response of the 
three near-falls for 158° is shown in Figure 4.9, 
relative to the remaining first trials for this 
same perturbation direction where no fall had 
occurred. All first trial effects were even more 
pronounced when subjects sustained near­
Backward right (158°)
—  Near-falls
—  Non-falls
Anterior-posterior I VCOM displacement
backward \
| 10 mm
Right ankle torque ƒ  W  Peak plantarflexion torque
^  | 10 Nm
Pelvis
horizontal
position I ----------------
backward 40 mm
Platform /  N
inclination
 4 deg
c
j I / l 
200 400 600 800
Time after rotation (ms)
Figure 4.9 Examples of kinematic and EMG recordings for near-falls and non-falls within first trials to 
backward right rotations. Average traces of the first trials in which subjects nearly fell in the first tw o blocks 
com pared to  the first trials in which the  subjects d id not fall when rotated in the  158° direction. Traces are shown 
in for the  kinematic and kinetic variables; anterior-posterior COM displacem ent, ankle torque and pelvis horizon­
tal position. In addition, the  platform inclination is depicted in the lower traces.
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falls. Thus, although all responses were first 
trial reactions, the increased backward COM 
displacement was even more pronounced for 
near-falls compared to the non-falls (Figure
4.9). The backward COM movement in the 
first trials where no near-fall occurred was 
considerably larger compared to that of the 
following identical trials. This meant that not 
all increases in COM displacement during the 
first trial could be ascribed to the near-falls. 
Additionally, the peak plantar flexion torque 
was increased and delayed even further for 
near-falls compared to the non-falls (Figure 
4.9, indicated by an arrow). The backward 
movement of the COM was reinforced by the 
larger backward motion of the pelvis.
DISCUSSION
We studied the postural responses of young 
subjects to blocks of 10 identical balance 
disturbances, where for each new block the 
perturbation was changed to a randomly 
selected new direction. Our main findings were 
as follows. First, regardless of perturbation 
direction, subjects COM moved significantly 
more following the very first and fully unprac­
tised balance disturbance, compared to the 
consecutive (identically directed) disturbances 
within that block (first trial effect). This find­
ing is similar to that of previous studies.29;37;126 
Second, the first trial effect was greatest when 
subjects were perturbed backward, but much 
smaller for forward directed perturbations and 
smallest for laterally directed perturbations. 
This directional dependence is suggestive of 
a greater influence of first trial effects from 
sensory signals strongly present for the back­
ward direction. Third, whenever the perturba­
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tion direction was suddenly changed, the first 
trial effect immediately re-emerged. This was 
clear for the first two blocks of perturbations, 
and after these the effects were smaller. The 
smaller effects may be similar in amplitude to 
responses obtained when perturbation direc­
tions are randomized. Fourth, a non-specific 
(direction-independent) flexion response was 
observed within the first trial. Particularly 
knee flexion responses following backward 
perturbation are known to be associated with 
increased instability.132 Fifth, the mere obser­
vation that the first trial reaction is associated 
with markedly increased sway and with occa­
sional near-falls, suggests that the first trial 
reaction is perhaps a maladaptive response.
Impact of the first trial on postural stability
It has long been recognized that postural 
responses to unexpected balance pertur­
bations differ from those obtained under 
“habituated” circumstances.29 However, little 
is known about the exact nature of this “first 
trial” effect. Prior work reporting the first trial 
focused mostly on EMG recordings and found 
excessive response amplitudes during the first 
trial.37;49;75 Similar changes to EMG amplitudes 
were observed in our study. Response onset 
latencies of these automatic postural responses 
were earlier in three muscles. A tendency for 
delayed responses was observed in the tibi­
alis anterior muscles (P =0.055). Prior stud­
ies seldom included detailed kinematic or 
kinetic analyses. Our results show, for the 
first time, that the first trial effect is associ­
ated with marked changes in balance control 
due to a flexion response. This effect was most 
pronounced for the response to the very first 
and fully unpractised balance perturbation (of
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which there can be - by definition - only one). 
In addition we observed an increased peak 
plantar flexion torque and a delay in onset of 
the balance correcting ankle torque for the first 
trial when subjects were perturbed backwards. 
We assume that this change to the ankle torque 
response is caused by the strong first trial effect 
in the soleus EMG amplitude but weak effect 
in tibialis anterior, and the tendency of the tibi­
alis anterior response to be delayed for the first 
trial. The relevance of these effects is under­
scored by the fact that we observed several 
near-falls, all of which occurred during a first 
trial, and two of which following the very first 
balance perturbation. These near-falls contrib­
uted in part to the greater COM displacement 
within the first rotations in the backward right 
direction. However, the trials in which no 
near-falls were recorded also showed greater 
first trial effects for this direction.
When the direction of the platform rotations 
was suddenly changed, the first trial effect 
re-emerged immediately, again resulting in 
increased movement of the COM. This was 
significant for the first two blocks, but the 
first trial effect appeared to habituate over 
the course of the experiment. This habitua­
tion across blocks could not be explained by 
ordering effects, as the perturbation direc­
tions were randomly varied across subjects. 
Subjects conceivably grew more familiar 
with the testing circumstances as they were 
exposed to an increasing number of balance 
perturbations. We cannot exclude that some 
subjects consciously or subconsciously started 
to predict the perturbation direction during 
the experiment. At baseline, subjects were 
informed that they would receive perturba­
tions in multiple directions, but the specific 
nature of the experiment and the number 
of possible perturbation directions was not 
specified. However, each new block had a 
new perturbation direction, and the remain­
ing number of possible perturbation direc­
tions decreased as the experiment progressed, 
so some anticipation remains possible. We 
hypothesize that the amplitude of the first trial 
effect over blocks 3 to 9 might well be similar 
to amplitudes when perturbations in different 
directions are randomly administered.
The recording period after onset of the plat­
form perturbation did not always seem suffi­
cient to record a peak in the COM profile of 
the first trial response. As this was not only 
observed in the first trials in which subjects 
had fallen (Figure 4.9; upper traces), this 
suggests that subjects were overall more unsta­
ble during the first trial. However, in hindsight 
we would have preferred a lengthier recording 
period to fully capture the first trial effect on 
COM. Habituation mostly occurred between 
the first and second trial, with little further 
adaptation over the next eight trials. This is 
in keeping with prior observations on habitu­
ation of EMG amplitudes.37;49;75 We show that 
this rapid habituation also applies to over­
all balance control (as indexed by the vector 
COM displacement).
Influence of perturbation direction and implications 
for possible triggers
In terms of impact on postural control, the 
first trial effect was clearly greatest for back­
ward directed perturbations. Smaller first trial 
effects were also present for forward pertur­
bations, and effects were smallest for lateral
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perturbations. Several mechanisms may inde­
pendently or in combination underlie these 
directional differences. Differences in base 
of support and signals arising from visual 
proprioceptive and vestibular sensory systems 
with perturbation direction may be respon­
sible.
First, the impact of a backward directed pertur­
bation may be stronger because the base-of- 
support is smaller for backward directions 
compared to forward and lateral directions. 
Furthermore, visual feedback is less effective 
when perturbed backward, possibly creat­
ing difficulty in organizing postural reactions 
to backward falls.133 In fact, visual feedback 
(eye closure) appears to have no influence on 
first trial effects for backward perturbations.37 
Because of this, anxiety or fear of falling might 
be greater when subjects are falling backward, 
and this fear may negatively affect postural 
performance by inducing a flexion response129, 
much similar to what we observed in the pres­
ent study.
While we noted no changes in early kinematic 
responses which would lead directly to first 
trial effects, it could be that heightened anxiety 
enhances responses triggered or modulated 
by sensory inputs. The first trial effects were 
observed in automatic postural responses with 
onsets in the range 100 to 130 ms (see Table
4.3). These are preceded for backward platform 
rotation by stretch reflexes in soleus muscles 
with onsets around 40 ms -  (see Figure 4.6 and 
69), suggesting an early triggering by lower leg 
proprioceptive reflexes at the level of the ankle 
joint. An explanation fitting the directional 
dependence of the first trial effect may be this 
dependence on early lower leg propriocep­
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tive reflexes. One may argue that the observed 
knee angle changes occurred too late to serve 
as trigger for the much earlier EMG changes. 
In fact these are not as well correlated with 
pitch displacements as ankle angular veloci­
ties.69 Thus it is unlikely that proprioceptive 
inputs arising at the knee joints underlie first 
trial effects unless ankle proprioceptive inputs 
are absent.71;93
In addition, vestibular feedback based on 
head vertical accelerations may explain the 
directional dependence of first trial effects, at 
least in the saggital plane, and shed light on 
possible triggering mechanisms. The earli­
est first trial effects (as seen in EMG balance 
correcting activity) occurred as early as 100 
ms after onset of platform movement, so trig­
gering must occur within this short time inter­
val. As mentioned previously, examining the 
kinetics and kinematics of first trial responses, 
the earliest recorded event following saggi- 
tal support surface rotations is vertical head 
acceleration. This vertical head acceleration 
would be registered by the sacculi, making it 
a possible candidate as trigger for first trial 
reactions. The acceleration could also explain 
the observed directional dependence as it was 
oppositely directed for backward and forward 
directed rotations and weaker in lateral direc­
tions. Because there were no clear differences 
in early head accelerations between first and 
second trials, we suspect that other factors, 
such as anxiety enhances head motion trig­
gering larger first trial reactions whenever a 
new perturbation direction was introduced. 
This anxiety may be heightened by difference 
in timing between the arrival at the central 
nervous system (CNS) of confirmatory ankle 
proprioceptive information on the perturba-
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tion strength compared to the earlier arrival of 
saccular inputs elicited by head accelerations.69 
That is, that perhaps somatosensory informa­
tion on the support surface movement is not 
integrated as efficiently with vestibular infor­
mation in the first compared to subsequent 
trials. Supporting evidence for the role of anxi­
ety driven vestibular responses comes from 
the observation that early head motion was 
followed around 100 ms by early activation of 
sternocleidomastoid muscles, which rapidly 
habituates (see Figure 4.6). Thus muscles are 
sensitive to otolithic inputs, specifically those 
of the sacculus.134;135 Furthermore, we observed 
strong first trial effects in soleus muscles, 
which also depend on vestibular modula- 
tion.128 Some support for vestibular influences 
comes from EMG studies which showed that 
habituation of EMG responses is diminished 
in subjects with bilateral vestibular loss.37 This 
reduced habituation is primarily explained by 
the first trial responses, which in vestibular 
loss patients are smaller than those of controls. 
If a vestibular influence is predominant in first 
trial effects then the habituation effects may be 
similar to those observed in vestibular ocular 
reflexes to whole body rotations.136
Comparisons with startle responses
We suggest that first trial effects may be trig­
gered and modulated by vestibular or propri­
oceptive signals associated with changes 
in perturbation direction. Alternatively, a 
(presumably posturally ineffective or even 
detrimental) startle reaction -  triggered by 
somatosensory signals associated with the 
fall -  could be superimposed upon the “pure” 
balance correcting responses. Indeed, startle 
reactions can be elicited by somatosensory
signals, as demonstrated in recumbent healthy 
and vestibular loss subjects who were suddenly 
dropped vertically.137 In posturography experi­
ments, the term “startle-like response” has 
been coined for muscle responses evoked by 
the first trial49, but this claim was not based 
on formal comparisons with the startle proper 
that is evoked by auditory or somatosensory 
startling stimuli. Our findings do not permit 
a more definitive statement. However, we 
anticipate that superposition of a startle reac­
tion upon the “normal” balance correcting 
strategy might produce a flexing response and 
more instability, as seen in the present study. 
The kinematics of a pure startle response 
during stance are not well described, although 
early reports described a flexion response.76 
Also, startling is part of the neuromuscular 
response to an unexpected rear-end impact 
(whiplash-like perturbation).138;139 A formal 
comparison between the first trial reactions 
seen here and acoustic startle reactions, both 
evoked in upright standing subjects, could 
clarify this. Acoustic startle reactions were 
probably not elicited during our experiments 
because sounds generated by the platform 
never exceeded the threshold level of 60 dB 
peak equivalent sound pressure level required 
for such reactions.141*141
Future perspectives
Conventional posturography uses averaged 
responses to a series of perturbations in order 
to assess the ability to prevent a fall. This 
design might have obscured the characteristics 
of actual fall prevention, because in daily life 
perturbations which might cause a fall typi­
cally occur under unexpected and unpractised 
circumstances. Postural instability is larger
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in the first trial, especially if the perturbation 
induces a backward fall. However, using only 
these first trials poses specific new challenges 
to the experimental design in preserving a 
sufficient number of observations to overcome 
the observed variability. Therefore, future 
studies should investigate if the impact of the 
first trial effect is similar in studies using a 
protocol with different perturbation directions 
that are administered randomly. In addition, 
future research should investigate the mecha­
nisms underlying the first trial, in particular 
the presence of startle reactions within the 
first trial. Furthermore, studies of patients 
with focal lesions might show specific altera­
tions during the first trial, and this could help 
to unravel the nature of first trial reactions 
and clarify the pathophysiology associated 
with real-life falls. In patients with progressive
supranuclear palsy (PSP), backward falls are a 
hallmark of the disease14^ 143 and patients with 
Parkinson’s disease are particularly unstable 
when perturbed backward.31;72 Studying the 
first trial reactions in these patient populations 
may provide additional explanations for the 
directional sensitivity of the first trial effects. 
Such studies should also carefully record body 
accelerations (and not just of the head) to 
further determine if there are early differences 
between first and second trials that could 
underlie first trial effects. Finally, future exper­
iments could also investigate if inclusion of 
first trial reactions adds extra information in 
discriminating between patients and healthy 
subjects, compared to the use of habituated 
series of identical or randomized postural 
responses.
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First trial postural reactions to unexpected balance 
disturbances: a comparison with the acoustic 
startle reaction
ABSTRACT
Unexpected support-surface movements delivered during stance elicit “first trial” postural reac­
tions, which are larger and cause greater instability compared to habituated responses. The nature 
of this first trial reaction remains unknown. We hypothesized that first trial postural reactions 
consist of a generalized startle reaction, with a similar muscle synergy as the acoustic startle 
response, combined with an automatic postural reaction. Therefore, we compared acoustic startle 
responses to first trial postural reactions. Eight healthy subjects stood on a support-surface which 
unexpectedly rotated backwards 10 times, followed by 10 startling acoustic stimuli, or vice versa. 
Outcome measures included full body kinematics and surface EMG from muscles involved in 
startle reactions or postural control. Postural perturbations and startling acoustic stimuli both 
elicited a clear first trial reaction, as reflected by larger kinematic and EMG responses. The ensu­
ing habituation rate to repeated identical stimuli was comparable for neck and trunk muscles 
in both conditions. Onset latencies in neck muscles occurred significantly later for first trial 
perturbations compared to startle responses, but earlier in trunk muscles. Our results show that 
platform tilting initially induces reactions larger than needed to maintain equilibrium. For neck 
and trunk muscles, these first trial postural reactions resembled acoustic startle reflexes. First 
trial postural reactions may be triggered by interaction of afferent volleys formed by somatosen­
sory and vestibular inputs. Acoustic startle reactions may also be partially triggered by vestibular 
inputs. Similar muscle activation driven by vestibular inputs may be the common element of first 
trial postural responses and acoustic startle reactions.
Published as:
Oude Nijhuis LB, Allum JHJ, Valls-Solé J, Overeem S and Bloem BR. First trial postural reactions 
to unexpected balance disturbances: a comparison with the acoustic startle reaction. Journal of 
Neurophysiology 2010 Sept 1; [Epub ahead of print].
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INTRODUCTION
Standardized perturbations of a support- 
surface are widely used to study human 
balance reactions.29;30 Actual falls are not 
supposed to be evoked and several measures, 
such as safety-harnesses or sidebars, are taken 
to prevent such falls. However, subjects are 
notably less stable during the untrained and 
often unpredictable very first response to a 
sudden support-surface rotation compared to 
subsequent, identical perturbations.37;144 This 
so-called “first trial reaction” is associated with 
large electromyography (EMG) responses. 
During subsequent trials, response amplitudes 
gradually diminish in a well-known known 
fashion (habituation) and balance control 
becomes more stable.29;58 Being inherently 
unstable, the first trial response might actu­
ally be more relevant for investigating the 
mechanisms underlying falls in daily life. It is 
customary though, to draw conclusions about 
a tendency to fall based on a series of habitu­
ated trials, excluding the first trial from analy­
sis.
The qualitatively different automatic postural 
response (APR) to the unpracticed very first 
trial has previously been termed “startle­
like” suggesting an analogy between the first 
trial APR and a startle response.49;75 Several 
observations support this notion. The clas­
sic body movement following startling stim­
uli is a ‘crouching’ response76, and the APR 
response to the first balance perturbation 
also shows a marked flexion movement of 
the upper body.144 In addition, startle reflexes, 
like postural responses, are known to rapidly 
habituate.81;145 Siegmund et al. suggested that
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a startle response may explain the exagger­
ated first responses in the neck muscles to 
whiplash-like perturbations of the head in 
sitting subjects.146;147 This notion would fit with 
the strong involvement of the neck muscles 
in the startle response.81 However, it remains 
unknown whether startle responses may also 
explain exaggerated reactions of trunk and 
leg muscles when unexpected perturbations 
are applied during stance. It is possible that, 
besides stretch reflexes and APRs, a startle 
reflex is also elicited in trunk and leg muscles 
during the very first perturbation trial to 
stance.
The aim of this study was to examine the 
hypothesis that first trial reactions to postural 
perturbations are comparable - wholly or in 
part - to components of the startle reflex to 
acoustic stimuli. For this purpose, we analyzed 
the characteristics of kinematic responses 
triggered by unexpected postural perturba­
tions and by startling auditory stimuli. We 
also used electromyography to study the first 
trial reactions to postural perturbations and 
auditory startling stimuli, and compared the 
observed synergies to the previously described 
characteristics of the human auditory startle 
reflex.76;148;149 We specifically searched for indi­
cations of a startle reflex embedded within the 
postural first trial reaction. For this purpose, 
we compared muscle synergies in terms of 
habituation rate and pattern of onset-latencies 
in EMG responses between the two different 
stimuli. We recorded activity from several 
types of muscles: those that are unlikely to be 
involved in postural control, but are known to 
react to startling stimuli;
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muscles likely to be involved only in postural 
control; and muscles likely to be involved in 
both.
METHODS
Subjects
Eight healthy subjects participated in the study 
(4 men; mean age 23 years, range 20-29 years). 
None had self-reported neurological, balance 
or musculoskeletal disorders, or had ever 
before participated in a posturography experi­
ment or in physiology studies of the startle 
reaction. Participants gave written informed 
consent prior to the experiment. Experiments 
were conducted according to the standards of 
the Declaration of Helsinki. The Institutional 
Review Board of the University Hospital Basel 
approved the study. Subjects were paid a nomi­
nal fee for their participation.
Procedure
The experiment consisted of two conditions, 
the postural perturbation condition (PERTUR­
BATION) and the startling acoustic stimulus 
condition (STARTLE). In both conditions, 
subjects stood on a servo-controlled dual-axis 
rotating platform with their arms hanging by 
their sides. The ankle joint was aligned with 
the pitch axis of the platform and the roll axis 
passed between the feet. The platform and the 
techniques used for recording the responses 
to perturbation have been described in more 
detail.30;68;69 Two assistants were present to lend 
support in case of an actual fall.
In the PERTURBATION condition, subjects 
were perturbed by sudden tilts of the support- 
surface platform (7.5° at 60°/s). A previous
study, as well as subsequent pilot experiments, 
showed that first trial reactions were greatest 
in backward directions slightly offset from the 
pitch plane.144 Therefore, backward-directed 
tilts of 158° and 203° were used. Directions 
were defined in a clockwise manner where 
the 0° direction is pure forward rotation, 90° 
denotes right roll and 180° denotes a pure 
backward rotation. The roll component in 
these 158° and 203° stimuli, being oppositely 
directed, was averaged out when the two popu­
lation means were computed. In the STARTLE 
condition, subjects received startling acoustic 
stimuli (113 dB sound pressure level (SPL) 
Impulse) through loudspeakers placed at half 
a meter distance on the left and right side of 
the subjects’ ears. Although startle reactions 
can be evoked using different modalities, we 
used acoustic stimuli as these have been well 
described in standing humans.149 In both 
conditions subjects received 10 stimuli in a 
series. The order of both conditions was coun­
terbalanced across subjects, so that 4 subjects 
received a series of 158° directed postural 
stimuli followed by acoustic stimuli, and 4 
subjects received first the acoustic stimuli 
followed by 203° directed postural stimuli. The 
interval between trials within a condition was 
randomly varied between 5 and 15 s.
Before the start of the experiment, subjects 
were merely informed that they were about to 
be perturbed by the platform, but the specific 
nature of the experiment and the num ber of 
possible trials was not specified. Thus, subjects 
had no prior knowledge about the startle condi­
tion and the characteristics and the direction 
of the perturbation condition. The experiment 
started without any preceding trials (which are
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often administered to familiarize subjects with 
the experimental conditions), so the very first 
trial was fully unpracticed.
Outcome measures
We recorded kinematic and electromyo­
graphic responses. Participants were instru­
mented with eighteen infrared emitting diodes 
(IREDs) to collect full body kinematics144 at a 
rate of 64 Hz using an OPTOTRAK motion 
analysis system (Northern Digital Canada 
Inc., Waterloo). Head accelerations were 
measured directly by 4 biaxial linear accel­
erometers (Entran ± 5g) mounted on a tight 
fitting head band. All 4 biaxial accelerometers 
measured head vertical linear accelerations, 
and outputs of pairs of accelerometers were 
coupled together to measure pitch and roll 
angular accelerations. Head accelerations were 
sampled at 1 KHz. Surface electromyography 
(EMG) signals were recorded from the follow­
ing muscles on the left side: tibialis anterior, 
soleus, gluteus medius, external oblique, para­
spinal at the L1-L2 level, triceps brachii, medial 
deltoid and, upper trapezius. Furthermore, 
EMG signals were recorded from the sterno­
cleidomastoid (SCM) and masseter muscles, 
as startle responses are consistently seen in 
these muscles.81;150;151 EMG recordings were 
band-pass analogue filtered between 60-600 
Hz, full wave rectified, and low pass filtered at 
100 Hz with a 3rd-order Paynter filter prior to 
sampling at 1 KHz. The recordings were initi­
ated 100 ms prior to stimulus onset and had a 
sampling duration of 1 s.
Data analysis
Kinematic analyses. Kinematic analyses were 
performed on an overall measure of balance 
called ‘vector CoM’, based on the displacement 
of the Centre of Mass (CoM) in the anterior­
posterior, medial-lateral and vertical planes 
and head pitch angular acceleration.144 CoM 
displacements were calculated using the Opto- 
trak data values.144;152 The total area under the 
curve (AUC) of vector CoM was calculated as a 
vector “length” of the integrals in the anterior­
posterior, medial-lateral and vertical planes 
for each individual trial between 100 and 800 
ms as between 0 and 100 ms CoM changes are 
negligible.144 To characterize head pitch angu­
lar acceleration, similar AUC calculation was 
performed after rectification between 0 and 
800 ms.
Electromyography. EMG onset-latencies were 
calculated across each trial and muscle. We 
used a semi-automatic computer algorithm 
that determined when the signal deviated for 
the first time more than 2.5 standard devia­
tions (SD) from the mean baseline EMG for 
more than 50 ms. All onset latencies were visu­
ally inspected and manually adjusted when 
necessary by the same researcher, who was 
blinded for muscle and condition.
EMG amplitudes were calculated as areas 
under the EMG traces of the individual trials. 
Trapezoid integration was performed over an 
interval of 100 ms starting at the onset latency 
of the EMG-response. The EMG areas were 
corrected for baseline EMG activity prior to 
stimulus onset.
80
First trial postural reactions to unexpected balance disturbances:
a comparison with the acoustic startle reaction
Statistical analysis
For analysis of the kinematic measures (vector 
CoM and head pitch angular acceleration), we 
used a linear random effects model (mixed 
model analysis) with random factor “subject” 
and fixed factor “trial number” to determine 
the presence of the first trial reaction within 
both the PERTURBATION and STARTLE 
condition. Prior to analysis, data values were 
log-transformed to correct for skewed distri­
butions and heteroscedasticity. The results 
of the analyses were back-transformed into 
percentages. Paired samples f-tests were used 
to determine differences between the first trial 
and the average of trials 6-10 and the same
analysis was performed for the difference 
between the second trial and trials 6-10. To 
determine the presence of first trial reactions 
in EMG amplitudes, again a within condition 
linear random effects model was used. In addi­
tion, a between condition (PERTURBATION 
and STARTLE) analyses was performed to test 
for differences in (habituation of) EMG ampli­
tudes for trials 1 and 2 compared to trials 6 - 
10. Two-sided P-values and 95% confidence 
intervals were calculated. EMG onset-latencies 
are presented as means ±  standard deviations. 
The level of significance was set at P <0.05.
5
Figure 5.1 Sagittal view of stick figures obtained by kinematic analysis of body responses. Stick figures are 
shown fo r (A) the first response in the PERTURBATION condition, (B) the habituated response in the PERTURBA­
TION condition (averaged responses of tria ls 9 & 10 ), (C) the first response in the STARTLE condition and (D) 
the last response in the STARTLE condition (averaged responses of tria ls 9 & 10 ).
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RESULTS
Kinematics of the response to the PERTURBATION 
and STARTLE condition
Consistent with previously published work144, 
kinematic measures showed a large first trial 
reaction in the PERTURBATION condition, 
involving mainly the arms, trunk and head 
(Figures 5.1A and B). In contrast, body move­
ments were considerably smaller in the STAR­
TLE condition, except at the head (Figures 
5.1C and 2).
For the PERTURBATION condition, the 
mixed model analysis showed a significant 
effect of trial number on the amplitude of 
the vector CoM (P <0.01). The amplitude 
was significantly larger during the first trial, 
compared with trials 6 to 10 (35% larger; 95% 
CI =28-42%; P <0.01), whereas the difference 
between trials 2 and 6-10 was not significant. 
For the STARTLE condition, no effect of trial 
number on the amplitude of the vector CoM 
was found.
PERTURBATION condition STARTLE condition
Head vertical 
acceleration 
(m/s2;
Head pitch 
acceleration 
(deg/s2;
Left knee 
angular rate
(deg/s;
Left ankle 
angular rate
(deg/s;
Platform inclination 
(deg)
0 50 100 1 50 20C 
Time after acoustic stimulus (ms)
Figure 5.2 Average population recordings of the first trial reaction, compared to responses in trials 9 and 
10 averaged together. For both conditions head vertical linear acceleration and head pitch angular accelera­
tion traces are shown. For the PERTURBATION condition ankle and knee jo in t angular rates as well as p latform  
inclination are shown (for STARTLE trials, joint angle responses were less than 5 deg/s and are not shown). 
Dotted horizontal lines on the ankle rate traces are threshold values (20 deg/s) for triceps surae stretch reflexes 
taken from 3335. Those on the  head acceleration traces are based on perceptual thresholds of 0.1 m/s and 
7 deg/s2 based on w ork o f153-155.
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Head pitch acceleration amplitude showed a 
significant effect of trial number for both the 
PERTURBATION and the STARTLE condi­
tions (P <0.01). In the PERTURBATION 
condition head pitch acceleration was 64% 
(95% CI =58-69%) larger during the first trial, 
compared to trials 6-10 (P <0.01), whereas the 
difference between trials 2 and 6-10 was not 
significant. In the STARTLE condition head 
pitch acceleration was 54% (95% CI =46-63%) 
larger during the first trial, compared to trials 
6-10 (P <0.01). The difference between trials 2 
and 6-10 was, although smaller (32%; 95% CI 
=27-37%), also significant (P <0.01).
Early changes in ankle and knee joint motion, 
as well as head accelerations, were observed 
within the first 25 ms post-stimulus and prior 
to muscle response onsets for the PERTUR­
BATION condition (compare Figures 5.2 and
5.3), with no differences with respect to trial 
number. Both ankle angular velocity, head 
linear vertical acceleration and head pitch 
angular acceleration exceeded known proprio­
ceptive and vestibular thresholds within the 
first 25 ms (see horizontal dotted lines in 
Figure 5.2). Supra-threshold head linear verti­
cal and pitch angular accelerations were also 
recorded for STARTLE conditions. However, 
these occurred later (after 40 ms) and with 
greater amplitudes of pitch acceleration and 
lower amplitudes of linear vertical acceleration 
compared to the PERTURBATION responses. 
In contrast to PERTURBATION responses, 
the early head pitch accelerations (during the 
first 50 to 100 ms) decreased in amplitude over 
trials (Figure 5.2). The pitch angular accelera­
tion of the head commenced with the onset 
of the sternocleidomastoid muscle response 
induced by the STARTLE. Weak first trial
reactions were observed in the STARTLE 
condition at the ankle joints after 150 ms 
(plantar flexion velocity max. 2°/s) and knee 
joints (extension velocity max. 5°/s). These 
changes were consistent with the weak lower 
trunk and leg muscle activity after 100 ms for 
the STARTLE condition (Figure 5.3).
Comparison of first trial EMG responses 
in PERTURBATION and STARTLE 
conditions.
In the PERTURBATION condition, EMG 
responses during the first trial were clearly 
present in all muscles (Table 5.1 and Figure
5.3). In the STARTLE condition first trial 
EMG responses were clearly seen in sterno­
cleidomastoid and masseter muscles, and also 
in lower trunk muscles (paraspinals, gluteus, 
external oblique), but less clearly in arm and 
lower leg muscles (Table 5.1 and Figure 5.3). 
For both conditions, EMG responses in the 
sternocleidomastoid, masseter and paraspinal 
muscles habituated rapidly between trials 1 
and 2, whereas habituation was more gradual 
over trials 2 to 10 (linear mixed model analy­
ses; effect of trial number P <0.01 for both 
conditions). No significant differences were 
recorded for the habituation between both 
conditions in these muscles (no significant 
interaction terms).
We looked in detail at the masseter muscle, 
because this muscle is not involved in postural 
control and therefore perhaps more indicative 
of a startle component, In the PERTURBA­
TION condition, the masseter muscle showed 
larger activity during the first trial, compared 
to trials 6-10 (31%; 95% CI =17-46%; P 
=0.059), whereas the difference between trials
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PERTURBATION condition STARTLE conditior
Sternocleidomastoic(mv;
Masseter(mv;
(mV)
Tibialis Anterior(mv;
Figure 5.3 Average population EMG recordings. Recordings are shown or the left sternocleidom astoid, 
masseter, paraspinal, tib ia lis  anterior and soleus muscles in trials 1 and com bined trials 9 and 10 for the 
PERTURBATION and STARTLE condition.
2 and 6-10 was not significant. In the STAR­
TLE condition, masseter amplitude was 43% 
(95% CI =27-59%) larger during the first trial, 
compared to trials 6-10 (P <0.05), whereas the 
difference between trials 2 and 6-10 was only 
27% (95% CI =15-40%; P <0.01).
Very similar patterns were observed for the 
other muscles. For example, for the sterno­
cleidomastoid muscle, the amplitude was 
139% (95% CI =109-169%) larger during the 
first trial in the PERTURBATION condition,
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compared to trials 6-10 (P <0.05), whereas the 
difference between trials 2 and 6-10 was not 
significant. In the STARTLE condition, ster­
nocleidomastoid amplitude was 120% (95% 
CI =80-160%) larger during the first trial, 
compared to trials 6-10 (P <0.05), whereas the 
difference between trials 2 and 6-10 was only 
58% (95% CI =40-75%; P <0.05). Compara­
ble findings were obtained for the paraspinal 
muscles.
The observed differences in response ampli­
tudes between the first trial and subsequent
First trial postural reactions to unexpected balance disturbances:
a comparison with the acoustic startle reaction
s
Onset-latencies
PERTURBATION 
Trial i
STARTLE 
Trial i
PERTURBATION 
Trial i
STARTLE 
Trial i
Sternocleidom astoid 93.6 (26.5) 59.4(8.6) * 100% 75%
Masseter 94.8 (10.5) 64.2 (15.2) ** 88% 100%
Trapezius 98.0 (19.7) 85.1 (38.2) 100% 38%
Medial Deltoid 99.2. (26.1) 97.2 100% 13%
Triceps Brachii 93.4.1 (14.6) 117.2 (40.7) 88% 50%
External Oblique 95.1 (16.5) 108.9 (32.7) 100% 88%
Paraspinal 112.4 (21.0) 148.9 (15.0) * 100% 75%
Gluteus 94.5 (16.8) 129.7 (33.4) 100% 88%
Soleus 46.0 (3.6) 1 130 n.c. 88% 25%
Tibialis Anterior 120.0 (19.0) 112.3 (22.6) 100% 63%
Table 5.1 Onset latencies and probability of occurrence of EMG bursts in the first trials of the PERTURBA­
TION and the STARTLE condition. Mean (SD) onset-latencies are shown in ms. ** P <0.01; * P <0.05. 1 Soleus 
stretch reflex and not APR onset latency, therefore the com parison with the  response to  the first startle was 
classified as not com parable (n.c.). Probability o f occurrence of EMG bursts is shown in percentages.
trials could not be explained by an increased 
background muscle activity (recorded over a 
100 ms period prior to stimulus onset). Linear 
mixed model analysis revealed no significant 
effect of trial number on background activity 
for both the postural PERTURBATION (P 
=0.626) and STARTLE conditions (P =0.719).
There were differences between the PERTUR­
BATION and STARTLE condition in the onset 
latencies of the first trial reactions. In the 
PERTURBATION condition, a short latency 
reflex response was recorded in the soleus 
muscle (mean 42.9 ms, SD 5.0 ms) , and was 
followed by automatic postural responses 
(APRs) in the tibialis anterior, gluteus, ster­
nocleidomastoid muscles and muscles of the 
trunk and upper arm, as well as a response in 
the masseter muscle (Table 5.1 and Figure 5.3). 
The latter responses all occurred around 100 
ms (see vertical line in Figure 5.3 left column, 
and Table 5.1). In the STARTLE condition, the 
onset of EMG responses was more divergent 
compared to the PERTURBATION condition 
(Table 5.1) and consisted first of the classic 
early responses in the sternocleidomastoid and 
masseter muscles, followed by responses in 
the upper arm and trunk muscles, consistent 
with previously described patterns of auditory 
startle reactions.148;149 Significant differences 
between the STARTLE and PERTURBATION 
conditions were observed in onset latencies
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for the sternocleidomastoid, masseter and 
paraspinal muscles (see Table 5.1 and Figure
5.3). Reactions to the first trial were recorded 
significantly later in the PERTURBATION 
condition compared to the STARTLE condi­
tion in the sternocleidomastoid (99.7 ms vs. 
59.4 ms; P <0.01) and in the masseter muscle 
(102.5 ms vs. 64.2 ms; P <0.01). In contrast, 
responses of the paraspinal muscles occurred 
significantly earlier, by 37 ms, in the PERTUR­
BATION condition compared to the STARTLE 
condition (Figure 5.3; Table 5.1). Responses 
in tibialis anterior occurred at the same time 
for both conditions, while responses in soleus 
were rarely seen in the STARTLE condition 
(Table 5.1).
DISCUSSION
We investigated whether the first trial reaction 
after a sudden postural perturbation contains 
a startle response synergy similar to that elic­
ited during an acoustic startle reaction. Our 
results confirmed earlier reports that platform 
tilting induces a prominent first trial reaction, 
with muscular and kinematic responses that 
are larger than the reactions in the subsequent 
trials (and therefore also larger than strictly 
needed to maintain equilibrium).37;49;144 Ques­
tions arise as to the neural mechanism(s) 
underlying this initially large response, and 
whether this mechanism has a similar origin 
for the PERTURBATION and STARTLE 
conditions. The pattern of muscle reactions to 
the very first platform perturbation was simi­
lar to that of the STARTLE condition, only for 
upper body muscle responses, but was clearly 
different in trunk and leg muscles. Consistent
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with a previous report on postural pertur­
bations in sitting subjects147, the postural 
perturbations elicited clear first trial reac­
tions in neck muscles (sternocleidomastoid) 
and the masseter muscles, even though the 
masseter response is not functionally useful 
in the PERTURBATION condition. Large 
first trial reactions were also found in the 
STARTLE condition, albeit earlier compared 
to the PERTURBATION condition. Responses 
in these sternocleidomastoid and masse­
ter muscles appeared to have similar startle 
response synergies for the two conditions, i.e. 
both muscles were active at the same time.
Triggering of the first trial response 
Differences in trigger mechanisms. Irrespec­
tive of the specific nature and location of the 
trigger of the first trial reaction, the postural 
first trial reaction is more time-synchronized 
across the body compared to the startle 
response. The significant differences in EMG 
onset latencies seen for the first trial reac­
tions between the PERTURBATION and the 
STARTLE condition may well be due to differ­
ent trigger mechanisms. Indeed, the intensity, 
onset, build-up and time course of the afferent 
volleys used to stimulate the common startle 
pathway were very different between both 
conditions. The auditory startle was gener­
ated by a high-intensity, short and abrupt 
input that resulted in synchronous input of the 
response pathway. In contrast, the relatively 
slow postural perturbation (60 deg/s) resulted 
in a more delayed and dispersed input, thus 
explaining the later onset latencies. We there­
fore focused on patterns of muscle activations 
(synergies), rather than absolute onset laten­
cies, to address our research questions.
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The postural reactions to movements induced 
by the first trial response also differed between 
the two test conditions. An example of this is 
the movement of the head following activa­
tion of sternocleidomastoid muscles during 
the STARTLE condition. We assume that this 
head movement triggered the later occurring 
responses in paraspinal muscles (Figures 5.2 
and 5.3). Changes in paraspinal activity were 
also noted when isolated head movements 
with a comparable amplitude as seen here were 
imposed directly on standing subjects.156;157
The large postural reaction to the first balance 
perturbation under the PERTURBATION 
condition may be triggered by a large affer­
ent volley formed by somatosensory inputs, 
vestibular inputs, or both, as we have indi­
cated in Figure 5.2. The abrupt auditory star­
tling stimulus during the STARTLE condition, 
which is known to rapidly excite vestibular 
saccular afferents158 instead of a more slowly 
acting vestibular stimulus during the 
PERTURBATION condition (shown in Figure
5.2), may account for the observed differences 
in onset latencies of sternocleidomastoid and 
masseter muscles. If, however, responses for 
the vestibular component of the STARTLE 
and PERTURBATION are relayed through 
the same nervous structures and if process­
ing times within these structures dominate, 
the use of an abrupt acoustic stimulus may 
by itself not have made a difference concern­
ing latencies. This may account for the lack of 
differences in response latencies between the 
response to a free fall and startling acoustic
stimuli.151
Interactions between trigger signals. The
presence of two or more triggering signals 
with complex interactions may also account 
for the observed differences in onset latencies 
between the auditory startle reaction and the 
postural first trial reaction. Here the ques­
tion arises whether the temporal separation 
of vestibular and ankle proprioceptive trigger 
signals may contribute to the first trial effect, 
particularly for pitch plane balance perturba- 
tions.69 Acoustic startle reactions per se were 
probably not contributing to the reaction in 
the PERTURBATION condition in our study, 
because sounds generated by the platform 
never exceeded the threshold level of 60 dB 
peak equivalent SPL required for such reac- 
tions.140;141
Because of the known effect of sound on otolith 
stimulation, particularly on the sacculus135;158, 
it may be necessary, as described above, to 
consider an otolithic and acoustic stimulus as 
being part of the same acoustic startle stimulus. 
Acoustic stimuli generate vestibular-evoked 
myogenic potentials (VEMPS) at about 40 ms 
when air-conducted 120 peak equivalent SPL 
click auditory stimuli are used.134;135;159;160 This 
stimulus level is comparable in hearing level to 
the 113 dB Impulse SPL longer sound pulse we 
used. 25 dB louder clicks evoke shorter latency 
(15ms) VEMPS.135 Thus we assume that in 
the STARTLE condition, the auditory and 
associated saccular responses are evoked near 
the brainstem at the same time. This could 
be another reason why onset latencies in the 
STARTLE condition were shorter in the ster­
nocleidomastoid and masseter muscles than 
under the PERTURBATION condition. If one 
discounts the effect of head motion induced by
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the sternocleidomastoid activity on the gener­
ation of lower body responses, then increased 
latencies of STARTLE reactions in muscles of 
the trunk and legs may reflect an increase with 
the distance of the respective segmental inner­
vations from the caudal brainstem, consistent 
with previous reports.81
In the PERTURBATION condition, the trigger 
for responses may be dependent on the arrival 
at the central nervous system of both vestibu­
lar and somatosensory inputs, provided both 
are present.69;93;161 Otherwise it is difficult to 
reconcile the ca. 100 ms latencies across all 
body segments with early supra-threshold 
head accelerations. Saggital directed balance 
perturbations contain an early sacculus stim­
ulation associated with early linear vertical 
acceleration of the head, followed by a later 
proprioceptive afferent input from the ankle 
joint (Figure 5.2 and 69). A vestibular trigger as 
the unique cause of first trial reactions in neck 
muscles for the perturbation condition would 
have presumably led to similar onset-latencies 
of responses in the neck muscles compared 
to the auditory startle reaction (sternocleido­
mastoid traces in Figure 5.3) once the onset 
latencies of early head accelerations causing 
the vestibularly driven reactions are taken into 
account (Figure 5.2). The postural first trial 
reaction may also need to be evoked in combi­
nation with proprioceptive afferents from the 
lower leg, perhaps through ankle propriocep­
tive input, or proprioceptive input at the trunk 
as is the case with habituated responses.93;161;162 
Thus, it is conceivable that the multi-sensory 
nature of the first trial reaction for perturba­
tions comprises a combined vestibular and 
somatosensory startle reaction, the latter being
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evoked distally by the platform and therefore 
the combined response is delayed, compared 
to the acoustic startle reflex triggered nearer 
to the brainstem, but synchronized along the 
body. Differentiating between the role of each 
trigger site in first trial reactions to support- 
surface perturbations should be a priority of 
future research.
Consequences of startle-like influences on the mani­
festation of the postural response
Irrespective of the specific nature and loca­
tion of the trigger mechanisms of the first trial 
reaction, which may not be different from 
those of subsequent reactions, we found indi­
cations that the first trial reaction to a plat­
form rotation is a less differentiated reaction 
in terms of amplitude compared to the fully 
habituated response to the same platform rota- 
tion.see also 37;144 Following early stretch reflexes 
in the lower-leg muscles evoked by the plat­
form movement, a second response was elic­
ited around 100 ms in all muscles during the 
first trial. This muscle activity comprises larger 
co-contraction of agonist and antagonist 
muscles, which would lead to increased stiff- 
ness.37 This “stiffening up” may be one of the 
causes of the decreased stability and greater 
fall frequency during the first trial compared 
to subsequent perturbations that we found in a 
previous study.144
The influence of startle reflexes with increased 
co-contraction within the first trial reaction 
on postural stability appears to be mainly 
negative. A clinical example of the detrimental 
effect of startle reflexes is illustrated by clini­
cal syndromes such as hyperekplexia. In this 
disorder startling can cause stiffness in these
First trial postural reactions to unexpected balance disturbances:
a comparison with the acoustic startle reaction
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subjects, resulting in falls without subjects 
being able to break their fall.163;164 The question 
arises whether startle reflexes could be bene­
ficial in quickly inducing a speedy balance 
correction when suddenly losing balance. 
Startle reflexes are known to accelerate move­
ments in simple reaction time tasks79;150;165, but 
also in choice reaction time tasks166 e.g. in an 
obstacle avoidance task when walking167, when 
subjects are not fully prepared. However, in 
our postural first trials no significant decrease 
in onset latencies was observed.
Conclusion
One component of sternocleidomastoid 
and masseter muscle responses within the 
first trial reaction to perturbations in stand­
ing subjects is similar to the synergy evoked 
during a pure acoustic startle reflex. A concur­
rent masseter and sternocleidomastoid 
response is observed under both conditions, 
with comparable habituation rates during 
subsequent trials. In contrast, onset latencies 
differed for PERTURBATION and STARTLE 
muscle responses. The triggering of auto­
matic postural responses by different sensory 
modalities, leading to startle-like compo­
nents in the form of increased co-contraction 
across muscles and the presence of a masseter 
response within the first trial, makes it diffi­
cult to clearly disentangle startle reactions per 
se from reactions to perturbations. A longer 
participating proprioceptive afferent pathway 
for triggering signals from the feet, legs or 
trunk to the brainstem may partially explain 
the differences in onset-latencies at the head 
between reactions to perturbations and star­
tling acoustic stimuli, rather than the presence 
of vestibular excitation for both stimuli. Future
experiments, using different modalities and 
intensities to evoke startle responses, such as a 
tactile stimulus at the ankle or hips combined 
with vertical head accelerations, may provide 
further insights into the increased co-contrac­
tion of first trial reactions to stance perturba­
tions. Such experiments may also explain the 
differences in latencies between the STARTLE 
condition and postural perturbations for 
trunk muscles during first trial reactions, and 
indicate whether the startle component of 
the PERTURBATION condition may be the 
output of a different central nervous system 
structure than responsible for the acoustic 
startle response.
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Choice reaction times for human head rotations are 
shortened by startling acoustic stimuli, 
irrespective of stimulus direction
ABSTRACT
Auditory startle reflexes can accelerate simple voluntary reaction times (StartReact effect). To 
investigate the role of startle reflexes on more complex motor behaviour we formulated two ques­
tions: (1) can auditory startle reflexes shorten choice reaction times?; (2) is the StartReact effect 
differentially modulated when startling auditory stimuli are delivered ipsilaterally or contralater­
ally to an imperative ‘go’ signal? We instructed 16 healthy subjects to rotate their head as rapidly 
as possible to the left or to right in response to a guiding visual imperative stimulus (IS), in both 
a simple and choice reaction protocol. Startling acoustic stimuli (113 dB) were delivered simul­
taneously with the IS (from either the same or opposite side) to induce the StartReact effect. We 
recorded kinematics of head rotations and electromyographic responses. The StartReact effect 
was present during choice reaction tasks (56 ms onset reduction; P <0.001). The presentation 
side of the startling stimulus (left/right) did not influence the effect in choice reaction tasks. We 
observed a directional effect in simple reaction tasks, but this probably occurred due to a flooring 
effect of reaction times. Onsets of EMG responses in neck muscles were not influenced by the 
direction of the acoustic startling stimulus.
Startling acoustic stimuli decrease reaction times not only in simple but also in choice reaction 
time tasks, suggesting that startle reflexes can accelerate adequate human motor responses. The 
absence of a clear directional sensitivity of reaction times to startling acoustic stimuli suggests 
that the acceleration is not highly specific, but seems to provide a global preparatory effect upon 
which further tailored action can be undertaken more quickly.
Published as:
Oude Nijhuis LB, Janssen L, Bloem BR, van Dijk JG, Gielen SC, Borm GF and Overeem S. Choice 
reaction times for human head rotations are shortened by startling acoustic stimuli, irrespective 
of stimulus direction. Journal o f  Physiology 2007 Oct 1;584(Pt 1):97-109.
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INTRODUCTION
The auditory startle reflex is a fast response to 
a sudden, loud acoustic stimulus. It is char­
acterized by a radiating pattern of muscular 
contractions travelling upward and downward 
from a presumed trigger centre within the 
brainstem.81;148;164;168;169 The physiological role 
of this startle reflex for everyday motor behav­
iour remains largely unknown. Startle reflexes 
may well be part of the normal motor reper­
toire in the context of ‘fight-or-flight’ behav­
iour, allowing either attacking or defending 
more quickly. Even if this is the case, the inte­
gration with other movement programmes is 
unknown.
One of the earliest speculations on the func­
tional relevance of startling in man concerned 
the resulting movement of the startle response 
itself. This was based on kinematic analy­
ses of body movements following a sudden 
loud noise. The general notion at that time 
was that startling responses might serve as a 
rather non-specific ‘protective response’, for 
example, to shield the head against exter­
nal stimuli.170 On the other hand, exagger­
ated startle reflexes can also have detrimental 
effects on motor performance, as illustrated by 
major type hyperekplexia. Startling can cause 
patients to drop objects or cause stiffness in 
these subjects. Voluntary movements become 
impossible, resulting in falls without subjects 
being able to break their fall.163;164
One indication that startle reactions are func­
tional did not ensue from startle movements 
themselves, but resulted from observations 
on the influence of a startling stimulus upon
Chapter 6
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other, planned, movements. Reaction times in 
simple reaction time tasks are accelerated when 
the required ballistic movements coincide 
with startling acoustic stimuli: the StartReact 
effect.78;79 This has also been de-monstrated for 
saccadic eye movements.171
Our first question here concerned the possi­
ble presence of the StartReact effect during 
choice reaction time tasks. We reasoned that 
the behavioural response to a startling stimu­
lus may well depend on the circumstances and 
would thus involve a choice. Previous research 
has shown that startle reflexes can accelerate 
reaction times during a simple reaction time 
task.79;150;172 It remains unclear whether the 
StartReact effect is also present when a choice 
between two or more tasks is offered (choice 
reaction time task).173-175 If so, this would 
provide further evidence for a functional role 
of startle responses.
Our second research question concerned the 
possible directional dependence of the Start- 
React effect, which could also have functional 
relevance if present. It is currently unknown 
whether the reaction to a startling stimulus 
is in any way sensitive to the direction from 
which the stimulus reaches the subject.
We investigated involvement of the StartReact 
effect in choice reaction tasks, and a possible 
directional dependence by asking subjects to 
rotate their head as rapidly as possible to the 
left or right, while concurrently administering 
startling acoustic stimuli from either the left or 
the right side of the head.
Choice reaction times for human head rotations are shortened by startling
acoustic stimuli, irrespective of stimulus direction
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METHODS
Subjects
Sixteen right-handed, healthy subjects (8 men; 
mean age 23.5 years, range 21.1-25.5 years) 
participated in the main experiment. Six of 
these subjects (2 men; mean age 24 years, range 
22.7-25 years) also participated in a separate 
validating experiment. All subjects gave writ­
ten informed consent prior to the experiment. 
The experiments conformed with the stan­
dards of the Declaration of Helsinki and were 
in accordance with local ethical guidelines. 
Subjects were paid a nominal amount for their 
participation.
Reaction time task
Subjects sat in a dimly lit room surrounded by 
a custom-made screen with a height of 1.60m 
at a distance of 0.65m (Figure 6.1). The head of 
the subject was centrally positioned in front of 
this screen. Four light-emitting diodes (LEDs) 
of 4 mm in diameter each were mounted on 
the screen. Two were positioned 10 cm apart 
and next to each other directly in front of the 
subject, and two others were positioned 60 deg 
away from the centre to the left and the right. 
We instructed subjects to rotate their head as 
rapidly as possible when either the left or the 
right LED directly in front of them was lit: this 
was the visual imperative stimulus (IS). Light­
ing the left LED indicated that subjects should 
turn their heads to the left and vice versa. The 
lateral LED at 60 deg on the same side as that 
indicating the IS was lit at the same time as the 
IS to serve as the target (T) for head rotation, 
thus ascertaining similar head rotations across 
subjects and across conditions. Subjects were 
instructed to rotate their head until they faced
the target LED, and to keep that position until 
after the LED was switched off 2 s after stimu­
lus onset.
Acoustic stimuli
Acoustic stimuli were delivered simultane­
ously with the IS, to either the left side or the 
right side of the subject through loudspeak­
ers, placed on the very left and right side of 
the screen (Figure 6.1). Stimuli (50 ms, white 
noise) were generated using a 24-bit sound 
card, and presented with an intensity of 113 
dB (startling) or 60 dB (non-startling) sound 
pressure level, measured at the position of the 
ears of the subject, using a Precision Sound 
Level Meter (Lutron SL 4001). The ampli­
tude of the sound was calibrated using the 
same white noise used in the experiment, but 
with a pulse duration of 1000 ms. Timing of 
the experiment was arranged using Presenta­
tion software (Neurobehavioral Systems Inc., 
Albany, USA), which delivered the auditory 
and visual stimuli and triggered EMG and 
kinematic recordings. The auditory stimuli 
were delivered at the same time as the IS, 
according to Valls-Sole et al..78
Experiments
Subjects were tested under a range of different 
conditions, involving head rotations (HR) to 
both the left or right, startling or non-startling 
acoustic stimuli from either side, or combina­
tions of HR and acoustic stimuli.
Validation experiment. The validation experi­
ment consisted of four conditions: (1) ’startle 
only’: 16 startling acoustic stimuli from the 
left or the right, without HR; (2) ‘non-startle 
only’: 16 non-startling acoustic stimuli from
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the left or the right, without HR; (3) ‘HR only’: 
32 head rotations to the left or the right, as fast 
as possible towards the IS, without an accom­
panying acoustic stimulus; (4) ‘HR-startle’: 
32 head rotations only to the right, combined 
with a startling acoustic stimulus from either 
the left or from the right. Trials were presented 
randomly and separated with a varying inter­
trial interval of 10 - 20 s. Prior to the experi­
ment, subjects received seven practice trials.
Main experiment. Subjects always had to 
rotate their head towards the IS, either to 
the left or the right. Simultaneously with the 
IS a startling (HR-startle) or a non-startling 
acoustic stimulus (HR-non-startle) was 
administered from the left or the right side. 
This resulted in ‘ipsilateral trials’, where the 
auditory stimulus came from the same side 
as the IS, or ‘contralateral trials’ in which the 
auditory stimulus came from the opposite side 
of the IS (Figure 6.2). Subjects were instructed 
to focus on the IS and to disregard any other 
stimuli. Subjects performed both a simple 
reaction time task (simple RT) and choice 
reaction time task (choice RT). In the simple 
RT, the IS was preceded by a visual warning 
stimulus, consisting of lighting one of the 
LEDs in front of the subjects indicating the 
required direction of head rotation. The warn­
ing stimulus was then turned off, and the IS 
followed with a random delay between 2 and 
7 s. For the choice RT test the visual warning 
stimulus was left out. Both the simple RT and 
choice RT were subdivided into four blocks of 
24 trials each: 8 HR-startle trials and 16 HR- 
non-startle trials, with random intertrial inter­
vals between 10 and 20 s. Within each block, 
trials were randomized for stimulus intensity
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(non-startling or startling) and stimulus direc­
tion (ipsilateral or contralateral). Before the 
actual experiment, subjects performed eight 
practice trials without acoustic stimuli.
Outcome measures
Head rotations were measured with a motion 
analysis system. The primary outcome 
measure was the kinematic analysis of the 
StartReact effect, defined as the difference in 
reaction time between the startle and non­
startle conditions. Furthermore, as a second­
ary variable of interest, we measured electro­
myographic activity in four neck muscles to 
determine the presence of startle reflexes.
M otion analysis. Four infrared emitting 
diodes (IREDs) were mounted on a headband 
to record head movements (Figure 6.1). The 
IREDs were positioned on a disc at the back 
of the subjects’ head at ear height in a rhom­
bic montage with maximal interspaces of 10 
cm. An Optotrak 3020 motion analysis system 
(Northern Digital Inc., Waterloo, Canada) 
tracked IRED positions with an accuracy of 
0.1mm or better in all directions. The Opto- 
trak system was mounted on the ceiling above 
the subject at a distance of approximately 2.5m 
behind the seated subject, tilted downward at 
an angle of 30 deg relative to the ceiling. Prior 
to the experiment, three axes were defined 
in reference of the subject as %-axis (ante­
rior-posterior), y-axis (left-right) and z-axis 
(up-down). Afterwards, all measured posi­
tions were referred to this coordinate system. 
Recordings started 100 ms pre-stimulus in 
sweeps of 1000 ms with a sample rate of 500 
Hz, capable of detecting movement onsets in 
the y-direction with an accuracy of 2 ms.
Choice reaction times for human head rotations are shortened by startling
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EMG. Electromyographic activity was 
recorded from the left and right sternoclei­
domastoid (SCM) and cervical paraspinal 
muscles using pre-gelled surface electrodes 
(3M Red Dot 2258) in a belly tendon montage. 
EMG electrodes were attached over the ster­
nal head of the SCM. We positioned one elec­
trode four fingers below the mastoid process 
and the other electrode 3 cm lower (centre 
to centre). For the paraspinal muscles, we 
placed the electrodes directly over the sple- 
nius muscles, as these are mainly involved in 
head rotation: one electrode was placed two 
fingers below the occipital bone, inferior to 
the lateral one third of the superior nuchal line 
and the other electrode one finger beside the 
seventh cervical vertebrae. EMG signals were 
recorded from 100 ms before the onset of the 
auditory stimulus until 400 ms after it with a 
sample frequency of 2000 Hz. These signals 
were amplified and converted analogue-to- 
digital using a multichannel electromyography 
system (Refa, TMSI Enschede). EMG signals 
were filtered using a 15-400 Hz bandpass filter 
prior to analysis.
Data analysis
M otion analysis. Both Optotrak and EMG 
recordings were analysed using custom­
ized Matlab programmes (The Mathworks 
Inc.,Natick,MA,USA).Position data recorded 
with Optotrak were differentiated to obtain 
velocity values and smoothed using a first 
order Savitsky-Golay filter. We defined onset 
latencies of head movements as the point at 
which velocity signals in the direction of the 
head movements exceeded 15mm s-1. In trials 
in which one of the IREDs was out of the 
camera view, the remaining three were used to
calculate the onset of head movement. In none 
of the trials more than one IRED was out of 
view. Onset latencies were confirmed visually. 
Trials, in which subjects initially rotated in the 
wrong direction, were reported as response 
errors and were excluded from further analy­
sis. These trials were not repeated.
EMG. Onset latencies of EMG bursts were 
calculated across each trial and muscle. We 
used a semi-automatic computer algorithm 
that determined when the signal deviated for 
the first time more than 2.5 SDs from the mean 
baseline EMG for more than 50 ms. All onset 
latencies were visually inspected and manu­
ally adjusted when necessary by one person 
(blinded for muscle, direction of head rota­
tion and the direction and type of auditory 
stimulus). Amplitudes were determined by 
calculating the area under the curve (AUC) 
over an interval of 50 ms following the onset 
latency. To illustrate the interaction between 
startle and voluntary activity, we calculated 
ratios and arithmetic differences between 
EMG amplitudes in the different conditions, as 
previously described by Siegmund et aí..150 For 
this purpose, we only used head rotations to 
the right. For each muscle, trials were rejected 
if muscle activity preceded stimulus onset, if 
onset of muscle activity could not be deter­
mined due to small EMG activity, or if the 
onset was ambiguous.
EMG-defined startle reflexes. In an attempt 
to discriminate between EMG activity as 
related to the startle reflex on the one hand, 
and EMG activity as related to the concurrent 
head movement in the HR-startle trials on the 
other hand, we used trials in which EMG onset
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latencies could be determined and a startle 
reaction had occurred. Therefore, muscle 
responses were included for analysis when 
onset latencies occurred before a pre-defined 
cut-off point in HR-startle trials. These cut­
off points were based on the fastest reactions 
(1st percentile) to a non-startling stimulus in 
the particular muscle, to ensure the exclusion 
of non-reflexive voluntary movements. This 
meant that we only included trials for analysis 
when the onset latencies in HR-startle trials 
were shorter than the fastest reactions in the 
HR-non-startle trials (83 ms for the SCM and 
80 ms for the cervical paraspinal muscles). The 
use of these cut-off points led to a probability 
of occurrence of startle reflexes ranging from
33% to 35% in the paraspinal muscles and 37% 
to 48% in the SCM. We calculated the prob­
ability of occurrence of a startle reflex for the 
paraspinal and the SCM in each subject by 
dividing the number of startle reflexes by the 
total number of trials in which an additional 
startling stimulus was administered.
Statistical analyses
We identified onsets of head movement in all 
experimental trials. EMG onset latencies were 
also determined in all trials for the SCM and 
paraspinal muscles at both sides. We applied 
a log-transformation to movement onsets 
and EMG onset latencies to correct for the 
observed skewed distributions of the data. For
Figure 6.1 Experimental set-up. Posterior view  of the experimental set-up showing a subject strapped in the 
chair, facing the screen. The screen holds tw o  light-em itting diodes (LEDs) in front of the subjects that served 
as visual imperative stimuli (IS) and tw o  LEDs to  the side that served as targets (T) fo r the requested head rota­
tion. The speakers that delivered the acoustic stimuli were positioned at the height of the subjects ’ ears at 0.5 
m distance.
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A non-SAS ipsilateral
*  •
4 ►
B SAS contralateral
•  *
►
Figure 6.2 Experimental trial types. Two different experimental trial types schem atically represented.(A) Trial In 
which a non-startling acoustic stim ulus (HR-non-startle) was delivered ipsilateral to  the direction of the im pera­
tive stim ulus (IS). (B) Trial in which a startling acoustic stim ulus (HR-startle) was delivered contralateral to  the 
direction of the  IS.
analysis of movements, data values of all trials 
were incorporated in a linear mixed model 
with random intercept, to assess differences 
in onset of head movement related to: stimu­
lus type (startle only, non-startle only, HR 
only or HR-startle in the validating experi­
ment; HR-startle or HR-non-startle in the 
main experiment), direction of the auditory 
stimulus (left or right), direction of head rota­
tion (left or right), task (simple RT or choice 
RT), and their interactions. For analysis of 
the EMG-defined startle reactions (based on 
the previously described cut-off points), we 
performed additional linear mixed-model 
analyses to evaluate differences in EMG onset
latencies and amplitudes, related to direction 
of the auditory stimulus (left or right),muscle 
side (left or right) and their interaction. The 
probability of occurrence of a startle reaction 
was analysed using a similar mixed model, 
but with a Bernouilly distribution function. 
Differences with a P-value of less than 0.05 
were considered significant. Values are given 
as mean ±  interquartile range for the kine­
matic data values and as mean ± SD for EMG 
data values.
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RESULTS
Validating experiment
M otion analysis. When subjects received the 
low intensity acoustic stimulus (non-startle 
only), any head movements were small and 
did not reach threshold for onset detection. 
Therefore, we never recorded onsets of head 
movement in left/right directions. When 
subjects only received the high-intensity 
acoustic stimulus (startle only), early head 
movements with an average onset of 166±79 
ms occurred in 27% of the trials. The top panel 
in Figure 6.3A shows the data for the trial with 
the fastest recorded head movement (in the 
left-right direction). Note that the peak head 
velocity (about 0.1ms-1) is much smaller than 
the peak velocity for the conditions ‘HR only’ 
and ‘HR startle’. Linear head movements were 
never faster for up-down and forward-back­
ward directions than for the left-right direc­
tions.
In the HR only condition, the average onset of 
the head movements was 403±82 ms. Onsets 
could be determined in 97% of the trials 
(Figure 6.3A). In the HR-startle condition, the 
average onset of head movement was 313 ±114 
ms and the probability of occurrence was 98%.
EMG. Startle only trials clearly induced 
startle responses in the EMG at latencies of 
about 60ms in the neck muscles (Table 6.1). 
In contrast, ‘non-startle only’ trials did not 
evoke any detectable EMG activity in any neck 
muscle.
In the HR only condition, EMG latencies 
were over 300 ms. This is much later than
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the latencies of EMG activity in response to 
‘startle only’ conditions (Table 6.1). Moreover, 
head movements to the left or right distinctly 
evoked lateralized EMG responses. The right 
SCM and the left paraspinal muscle showed 
significantly higher amplitudes for head rota­
tion to the left (Table 6.1) and vice versa.
When head rotations were performed in 
combination with a startling acoustic stimulus 
(HR-startle), onset latencies of EMG-defined 
startle reflexes were not different from the 
Startle only trials (P =0.77; Table 6.1). In the 
startle conditions, there were no significant 
lateralized EMG responses to different HR 
directions (P =0.90; interaction IS sidexmuscle 
side in the HR-startle condition).
Main experiment
StartReact in simple and choice RTs. For the
simple RT, head rotations started significantly 
earlier during HR-startle trials compared with 
HR-non-startle trials (Figures 6.4A and 6.5). 
The median reduction in onset of head rota­
tion (i.e. the StartReact effect) was 45 ms (P 
<0.001). For the choice RT, head rotations also 
started significantly earlier during HR-startle 
trials compared with HR-non-startle trials 
(Figure 6.5), resulting in a median StartReact 
effect of 56 ms (P <0.001). As expected, head 
movements had, irrespective of stimulus type, 
a significantly later onset during the choice RT 
compared with the simple RT (mean differ­
ence, 88 ms; P <0.001).
Directional sensitivity o f the StartReact effect.
The StartReact effect was present when the 
accompanying acoustic stimulus was adminis­
tered from both the same side (ipsilateral) and
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Figure 6.3 Examples of kinematic and EMG recordings in a startle only, HR only and HR-startle trial.
(A) Kinematic head movements, as well as (B) EMG recordings of the left and right sternocle idom asto id  and 
cervical paraspinal muscles of a single subject in the  validation experiment. From top  to  bottom , the  conditions 
displayed are: ‘startle on ly ’ delivered from the right side, a ‘HR on ly ’ to  the right side and a right (ipsilateral) 
H R-startle trial. The vertical lines through all traces at 0 ms indicate the onset o f the  imperative stim ulus and/ 
or the  acoustic stimulus.
the opposite side (contralateral) of the IS (solid 
lines in Figure 6A and B).
Although the non-startling acoustic stimulus 
was not capable of eliciting startle responses, 
onsets of head movement in the HR-non- 
startle condition were significantly faster for 
ipsilateral stimuli compared with contralateral 
stimuli (Figure 6.6; P <0.001). This suggests 
that we recorded an effect of an acoustic 
stimulus in addition to a visual stimulus as 
in intersensory facilitation1764177, with a more 
pronounced effect of the complementary
stimulus in ipsilateral trials compared with the 
conflicting stimulus in contralateral trials.
For the choice RT, this StartReact effect was not 
significantly different for ipsilateral compared 
with contralateral acoustic stimuli (52 versus 
50 ms, P =0.18; Figure 6.6B).
For the simple RT, the StartReact effect was 
significantly smaller (P <0.005) for ipsilat­
eral (median 38 ms) compared with contra­
lateral (median reduction in onset of 49 ms)
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Latency Amplitude Probability
Startle only (from the right*) SCM left 64.24 (8.74) 2.43 (2.94) 83%
SCM right 64.28 (7.94) 1.80 (1.90) 81%
splenius left 61.43 (6.33) 2.89 (3.19) 67%
splenius right 62.70 (7.49) 2.01 (1.65) 71%
Non-startle only - - - -
HR only (to the right)* SCM left 336.19 (40.88) 3.50 (1.50) 73%
SCM right 333.95 (39.62) 0.77 (0.48) 65%
splenius left 331.35 (51.12) 0.90 (0.42) 60%
splenius right 320.27 (49.92) 2.63 (1.65) 68%
HR-startle right* (EMG-defined startles) SCM left 65.45 (8.32) 3.08 (5.17) 92%
SCM right 63.46 (10.18) 2.04 (3.10) 94%
splenius left 62.87 (8.65) 2.37 (2.98) 81%
splenius right 63.47 (9.05) 2.57 (2.56) 77%
Mixed model p-values
Stimulus (startle only/ HR-startle) - - -
Head only IS-side x muscle-side - *** -
Table 6.1 Validating experiment: Mean (SD) EMG onset-latency (ms), amplitude (mV) and probability of occur­rence (%) in the sternocleidomastoid and splenius muscles for startle only trials, head rotation only trials and trials with combined head rotation and startle (HR-startle). The table shows the data as function of stimulus type (Startle only, Non-startle only, HR only and HR-startle), stimulus side (*only the right side is depicted here, as data values for the left side were comparable) and muscle side (left, right). No increase in EMG activity was recorded to the Non-startle only stimulus. In the HR-startle condition only the EMG-defined startles, trials in which the onset-latency preceded 83 ms for the SCM or 80 ms for the splenius were included. The lower portion of the table summarizes results of the mixed model analyses for the log-transformed data as function of the type of stimulus, comparing the Startle only condition with the HR-startle condition. Furthermore, results of log-transformed data as function of direction of the head rotation and muscle side are shown for the HR only condition. *** P <0.001
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acoustic stimuli (Figure 6.6A). This appeared 
to be caused by a floor effect for two reasons. 
First, median onsets for HR-startle trials were 
almost identical for ipsilateral (154 ms; inter­
quartile range, 134-182) and contralateral 
(157 ms; interquartile range, 136-180) acoustic 
stimuli. This is remarkable because we would 
have expected the complementary stimuli in 
ipsilateral trials to lead to faster head move­
ments compared with the conflicting stimuli 
in contralateral trials, as was observed in the 
HR-non-startle condition. Moreover, inspec­
tion of the distribution of response times for 
the ipsilateral acoustic stimuli showed an 
asymmetry with positive skewing towards 
faster onset latencies, supporting the presence 
of a floor effect.
Response errors. A total of 119 response errors 
were made out of 3072 trials during the exper­
iment. The number of errors varied with the 
type of reaction time test, stimulus intensity 
and side of the stimulus. Most errors arose in 
the choice RT, particularly in the contralateral 
HR-startle trials. In the choice RT, we found 
significantly more errors than in the simple RT 
(11%; P <0.001). Furthermore, we observed 
significantly more errors in HR-startle trials 
compared with HR-non-startle trials (6%; P 
=0.001), as well as in trials in which the stimu­
lus was delivered contralateral to the side of 
head rotation compared with trials in which 
the stimulus was delivered ipsilateral to the 
side of head rotation (9%; P <0.001).
Acceleration o f  EMG onset latencies. Onset 
latencies in SCM and paraspinal muscles 
occurred significantly earlier in HR-startle 
trials than in HR-non-startle trials. In the
simple RT, the median onset latency for the 
HR-startle condition was 87.94 ms earlier in 
the SCM (P <0.001) and 61.21 ms earlier in 
the paraspinals (P <0.001), compared with the 
HR-non-startle condition (Figure 6.3B). In the 
choice RT, the median onset latency for the 
HR-startle condition was 149.62 ms earlier in 
the SCM (P <0.001) and 109.37 ms earlier in 
the paraspinal muscles (P <0.001), compared 
with the HR-non-startle condition.
For the simple RT, EMG onset latencies could 
be determined in 93.8% of trials for the SCM 
and in 96.8% of trials for the paraspinal 
muscles. In choice RT trials the probability of 
occurrence was lower: 91.0% for the SCM and 
92.8% for the paraspinal muscles. A typical 
reason for rejection of trials (6.4% of all trials) 
was an absence of a response within 400 ms 
of stimulus onset or pre-stimulus EMG activ­
ity, which was more likely to occur in the later 
responses in choice RT.
Directional sensitivity of the EMG-defined 
startle reflex.
When using cut-off points to try and discrimi­
nate the startle reflex from the activity due to 
the voluntary head movements, onset laten­
cies and probabilities of responses did not 
significantly differ for muscle side, direction 
of the startling acoustic stimulus and their 
interaction (Tables 6.2 and 6.3). Onset laten­
cies in the left and right muscles were clearly 
independent of the direction of the startling 
acoustic stimulus, as we found no significant 
interaction effect between muscle side and side 
of the acoustic stimulus in both the SCM (P 
=0.64) and paraspinal muscles (P =0.85). This 
was also found for the probability of occur-
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rence in the SCM (P =0.78) and paraspinals 
(P =0.59). Separate analyses of the HR-startle 
trials in the simple RT and in the choice RT 
resulted in similar findings. Furthermore, the 
use of different cut-off points between 70 and 
100 ms for the inclusion of startle reflexes in 
both the SCM and paraspinal muscles did not 
affect the results.
Use of the cut-off points naturally led to lower 
probabilities of occurrence for HR-startle 
trials in the SCM (44%) and in the paraspinals 
(31%). However, all subjects demonstrated 
startle responses in the SCM, paraspinals or 
both, in at least one HR-startle trial.
Muscle response amplitudes in both simple
RT and choice RT were significantly higher 
for HR-startle trials compared with HR- 
non-startle trials (Table 6.1) in both SCM (P 
<0.001) and paraspinal (P <0.001) muscles. 
However, response amplitudes in HR-startle 
trials were not related to the side of the star­
tling acoustic stimulus. For example, the right 
SCM displayed higher activity compared with 
the left SCM for startling stimuli from the left, 
whereas the exact opposite occurred for the 
paraspinal muscles. Although these differ­
ences were not significant for the simple RT 
in SCM (P =0.73) and paraspinals (P =0.53) as 
well as for the choice RT in SCM (P =0.70) and 
paraspinals (P =0.69), the recorded amplitudes 
suggest a relation to the side of the head rota-
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Figure 6.4 Examples of kinematic and EMG recordings from a HR-non-startle and HR-startle trial.
(A) Kinematic head movements, as well as (B) EMG recordings of the left and right sternocle idom asto id  and 
paraspinal muscles of a single subject in the main experiment. In the  upper illustrations a head rotation to  the 
right in com bination w ith a non-startling acoustic stim ulus (HR-non-startle) from the left side is displayed in 
the simple reaction tim e protocol. In the bottom  illustrations a sim ilar rotation in com bination with a startling 
acoustic stim ulus (HR-startle) from the  left is displayed. The vertical lines through all traces at 0 ms indicate the 
onset o f the imperative stimulus.
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Figure 6.5 The StartReact effect in simple and choice RT. Onsets of head movements in H R-startle  trials, 
com pared w ith onsets when head movements were com bined w ith non-startle (HR-non-startle) in a simple 
reaction tim e task (on the left) and in a choice reaction tim e task (on the right). Bars represent median onsets 
and interquartile ranges.
Figure 6.6 The StartReact effect for acoustic stimuli ipsilateral and contralateral to the head rotation.
Onsets of head movements in HR-startle tria ls and HR-non-startle  trials in which the  auditory stim ulus was 
administered ipsilateral or contralateral to  the side of the imperative stim ulus in (A) a sim ple reaction tim e task 
and (B) in a choice reaction tim e task. Bars represent median onsets and interquartile ranges.
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tion. Differentiation between the startle reflex 
itself and the concurrent fast head rotation 
is, however, not easy to be made using EMG. 
We calculated amplitudes over an interval of 
50 ms after onset, which in some cases might 
not only have led to capturing activity of the 
startle reflex, but also part of the activity of the 
concurrent fast head rotation.
We additionally calculated ratios and arith­
metic differences in EMG amplitude in the 
different conditions, and found similar results 
as described by Siegmund et al.150 (Figure 6.7). 
This points to a summation of startle responses 
upon the preserved voluntary activation, and 
not towards a multiplicative effect.
DISCUSSION
We demonstrated that startling acoustic stim­
uli advanced the onset latency of head rota­
tions, not only in simple, but also in choice 
reaction time tasks. However, the direction of 
the startling acoustic stimulus did not influ­
ence the StartReact effect or the startle reflex.
The StartReact effect is present in choice reaction 
time tests
Previous research demonstrated that acoustic 
startling stimuli could accelerate the onset of 
simple ballistic movements by advancing the 
onset of EMG activity in the prime movers, 
while preserving the characteristic triphasic 
agonist-antagonist relationship. This find­
ing is best explained by a direct effect of the 
startle response on reticulospinal pathways 
within the brainstem, where motor programs 
that have been prepared in advance are being
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stored or transmitted.79;150;172;174;178 Our results 
indicate that such an interaction is also pres­
ent for planned movements involving choices.
For choice reaction time tasks, conflicting 
findings have been reported, perhaps due to 
differences in experimental design. Carlsen et 
al. instructed their subjects to actively flex or 
extend the wrist of either the left or the right 
hand.174 The results showed that simple reac­
tion time tasks were clearly accelerated during 
startle trials compared with non-startle trials 
(indicating a StartReact effect), but this effect 
was completely absent during the two condi­
tions that involved either two or four different 
choices. One possible drawback was the use 
of rather loud (intensity of 80 dB) auditory 
stimuli in non-startle trials, which might have 
elicited startle reflexes.140;141 Furthermore, no 
results of kinematic recordings were reported, 
so it remains possible that existing effects on 
the movement itself were missed. Consistent 
with Carlsen et al.174, we used a visual impera­
tive stimulus. However, in the literature the 
use of an acoustic ‘go’ signal, which is replaced 
by the startling acoustic stimulus, has also 
been reported.141;150;178 Note that this might 
have resulted in different results.
In a comparable study, Valls-Solé measured 
both EMG responses and kinematic profiles.173 
The task in this experiment consisted of a 
movement with either the left or the right 
wrist, depending on the side where an impera­
tive stimulus appeared. This was done for both 
simple and choice reaction time tasks. The 
main finding was that reaction times were 
similarly shortened by concurrent acoustic 
startling stimuli for simple and choice reaction
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Latency Amplitude Probability
All trials HR-non-startle SCM 166.83 (53.95) 1.98 (2.27) n.a.
splenius 165.95 (55.99) 2.59 (3.00) n.a.
HR-startle SCM 102.62 (46.66) 3.03 (4.01) n.a.
splenius 104.83 (44.74) 4.09 (4.59) n.a.
EMG-defined
startles
HR-startle from the right* SCM left 62.02 (11.39) 2.85 (3.24) 41%
SCM right 62.53 (9.93) 3.15 (4.09) 37%
splenius left 61.35 (8.54) 4.66 (4.76) 35%
splenius right 63.76 (9.10) 5.56 (4.90) 33%
Mixed model analyses
All trials Stimulus (HR-non-startle/ 
HR-startle)
SCM *** - n.a.
Splenius - n.a.
EMG-defined
startles
Startle side (left/right) SCM - - -
Splenius - - -
Muscle side (left/right) SCM - - -
splenius - - -
Startle side x  muscle side SCM - - -
splenius - - -
Table 6.2 Main experiment: Mean (SD) EMG onset-la tency (ms), am plitude (mV) and probability o f occurrence 
(%) for the  S imple RT in the sternocle idom asto id  and splenius m uscles. The table summarizes data as function 
of stim ulus (HR-non-startle and HR-startle) and muscle (SCM and splenius) in all trials. This is followed by data 
as function of side of the startling stim ulus (*only the  right side is depicted here, as data values for the left side 
were comparable) and muscle side (left, right) in EMG-defined startles. EMG-defined startles included trials in 
which the onset-latency preceded 83 ms for the SCM or 80 ms for the  splenius were included. Results o f the 
mixed model analyses are shown for the  log-transform ed data as function of type of stim ulus and muscle in all 
trials, followed by results o f log-transform ed data as function of the side o f the startling stim ulus and muscle side 
in the  EMG-defined startles. *** P <0.001; n.a. not applicable.
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Latency Amplitude Probability
All trials HR-non-startle SCM 244.87 (57.44) 1.65 (1.92) n.a.
Splenius 239.57 (57.58) 2.20 (2.38) n.a.
HR-startle SCM 132.38 (88.69) 2.07 (2.68) n.a.
Splenius 130.20 (74.09) 2.78 (3.38) n.a.
EMG-defined HR-startle from the right* SCM left startles 57.77 (10.92) 2.02 (2.52) 48%
SCM right 60.83 (10.31) 2.02 (2.81) 45%
splenius left 63.07 (7.79) 3.82 (4.61) 35%
splenius right 64.22 (7.72) 3.28 (3.62) 33%
Mixed model analyses
All trials Stimulus (HR-non-startle/ SCM HR-startle) *** - n.a.
Splenius *** - n.a.
EMG-defined Startle side (left/right) SCM startles - - -
Splenius - - -
Muscle side (left/right) SCM - - -
Splenius - - -
Startle side x muscle side SCM - - -
Splenius - - -
Table 6.3 Main experiment: Mean (SD) EMG onset-latency (ms), amplitude (mV) and probability of occur­rence (%) for the Choice RT in the sternocleidomastoid and splenius. The table summarizes data as function of stimulus (HR-non-startle and HR-startle) and muscle (SCM and splenius) in all trials. This is followed by data as function of side of the startling stimulus (*only the right side is depicted here, as data values for the left side were comparable) and muscle side (left, right) in EMG-defined startles. EMG-defined startles included trials in which the onset-latency preceded 83 ms for the SCM or 80 ms for the splenius were included. Results of the mixed model analyses are shown for the log-transformed data as function of type of stimulus and muscle in all trials, followed by results of log-transformed data as function of the side of the startling stimulus and muscle side in the EMG-defined startles. *** P <0.001; n.a. not applicable.
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Figure 6.7 Ratios and differences for the neck muscles of all subjects in the choice RT. (A) Ratios ± 1 
SD of the  mean area under the curve (AUC) of the EMG am plitude of the H R-startle to  the H R-non-startle  
response (HR-startle d ivided by HR-non-startle) for each muscle (sternocleidom astoid (SCM) and paraspinal 
muscles (PARA)), expressed as a function of muscle side (left/right). The EMG am plitudes were taken from the 
EMG-defined startles for head rotations to  the right. (B) Mean arithm etic difference ± 1 SD of the HR-startle 
and HR-non-startle  am plitudes (H R-non-startle m inus HR-startle) for each muscle, as a function of muscle side 
(left/right). Note the  consistent additive effect (difference scores close to  zero) o f startle in the  H R-startle  cond i­
tion. (C) Mean ratio ± 1 SD of the left to  right am plitudes (L/R) for each functional muscle pair as a function of 
stimulus. (D) Mean arithm etic difference ± 1 SD of the left and right am plitudes (L-R) for each functional pair as 
a function of stim ulus. The consistent, w ith in-m uscle L-R difference indicated that the  activity was preserved 
over the  effect of the  startle.150
time tasks. The shortening of reaction times 
was also reported for the EMG activity with 
an advancement of the well-known tripha­
sic agonist-antagonist activation pattern. 
The presence of this StartReact effect for a 
choice RT might be explained by a globally 
increased neural excitability and decreased 
neural thresholds, taking place at the cortical
level where movement decisions are made.174 
However, one argument against this hypoth­
esis is that simple stimulus intensity effects 
are different from onset latencies produced by 
startle.141 Another argument is that subjects 
made movement errors in about one third 
of the trials. This was interpreted as subjects 
actually solving the task by suppressing one
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of two movement options that were waiting 
in place within the reticulospinal pathway. 
Several movement programs may simultane­
ously be ‘stored’ in the brainstem where they 
can be accessed by startling acoustic stimuli. 
However, one possible critique is that mirror 
movements were observed in 92% of the trials. 
This could be taken as further evidence for the 
presence of two parallel and pre-programmed 
movement options within the brainstem, 
which are both released by the acoustic star­
tling stimulus, but to a lesser extent for the 
unwanted movement. However, these mirror 
movements may also have occurred because 
the imposed task was perhaps too simple, as 
there was no ‘penalty’ for making an incorrect 
choice (the desired wrist movement would not 
be harmed by co-movement of the contralat­
eral arm).
We ruled out the latter option in our present 
study, where subjects were forced to make 
an axial rotation movement with the head to 
either the left or the right. Furthermore, we 
used neck muscles because startle reflexes 
could be elicited reliably in these muscles.81;150 
Neck muscles were also asymmetrically active 
during rotations to the left or the right179, as 
confirmed by the EMG activity in the pure 
head rotations condition. This enabled us to 
compare left-sided with right-sided muscle 
activity. However, when looking at the EMG 
response pattern of startle trials, we recorded 
similar onset latencies in both agonist and 
antagonist muscles compared with pure startle 
reflexes. Furthermore, the amplitudes did not 
differ significantly, nor were they specific for 
the direction of head rotation. This suggests 
that startle responses are perhaps not specific
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reactions, but simply lead to a fast and general­
ized increase in muscle tone.
An important issue when interpreting the 
current data is that the ensuing fast increase 
in muscle activity makes it difficult to separate 
the startle reflex from the synchronous volun­
tary muscle responses in HR-startle trials. 
On the one hand, the remaining increase in 
muscle activity suggests that a generalized 
increase in muscle tone serves as a basis upon 
which further action may be undertaken. 
On the other, simultaneous activation of 
agonist and antagonist muscles (co-contrac­
tion) might negatively affect the movement 
requested by the imperative stimulus. Appar­
ently this was not the case as we found that 
the requested voluntary head rotations were 
accelerated in both simple and choice reaction 
time tasks. Our data suggest that the remain­
ing increase in muscle tone due to startle was 
relatively small compared with the activity due 
to the head movement (Table 6.2) and that 
the startle reflex therefore acted more upon a 
fast increase of muscle tone, serving as a basis 
upon which further action can be undertaken, 
instead of leading to an inability to move due 
to co-contraction. Indeed, we found evidence 
for a summation between startle and voluntary 
response amplitudes (Figure 6.7), as previ­
ously described.150 These findings underscore 
how difficult it can be to separate the early 
startle reflex from concurrent movement 
activity when investigating the effect of startle 
responses on reaction times.
Assuming that the process of response selec­
tion is a cortical event, our finding that the 
StartReact effect is present in choice tasks 
might be explained by an increase of neural
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excitability and decreased neural thresholds.174 
The increase in muscle tone would then serve 
as a basis upon which choices can be executed 
faster. However, more recent evidence suggests 
that such stimulus intensity effects are distinct 
from the early response latencies produced by 
startle.141 Thus, the effect may be similar, but 
the mechanism different. The startle reflex led 
to a quick increase in muscle activity compared 
with the non-startle trials. As a certain muscle 
tone is necessary for movement, the rapid 
increase in muscle activity due to the startle 
reflex may also lead to the faster concurrent 
specific movement, explaining the incongru­
ent evidence compared with Carlsen et al..174
The StartReact effect is not directionally dependent
No prior study examined the possible direc­
tional dependence of the StartReact effect. 
We reasoned that a directional dependence 
of the StartReact effect would provide further 
support for the hypothesis that the startle 
reflex has a functional relevance. For exam­
ple, such directional dependence could assist 
subjects in the protection against an unpleas­
ant lateralized stimulus (e.g. to move away 
from perceived danger, or to initiate a targeted 
protective response with the arms).
We addressed this issue by asking subjects to 
rotate their head as fast as possible into the 
direction of an imperative stimulus accompa­
nied by a startling acoustic stimulus from either 
the ipsilateral side or the contralateral side. 
The results provided no clear evidence that the 
StartReact effect was directionally sensitive in 
either the simple RT or the choice RT. Kine­
matic analyses of head rotations during the 
choice RT showed that startling acoustic stim­
uli induced a very comparable reduction in 
movement onset, irrespective of the direction 
of the acoustic startling stimulus. That is, the 
magnitude of the StartReact effect was compa­
rable even though startling acoustic stimuli 
were delivered from opposite sides. However, 
we did observe a difference in magnitude of 
the StartReact effect for the simple RT task, 
such that the reduction in movement onset 
was greatest when the acoustic startling stimu­
lus was delivered from the contralateral side. 
Onsets of head rotation were reduced less than 
expected when the task was to move the head 
towards the side where the startling acous­
tic stimulus came from (ipsilateral trials). At 
first sight, this finding could be interpreted as 
evidence for a directional dependence of the 
StartReact effect, perhaps because subjects 
defensively tended to avoid the loud acoustic 
stimulus by moving less fast into its direction. 
However, several observations argue against 
this interpretation. Firstly, we would have 
expected a similar directional dependence 
for the choice RT task -  where the StartReact 
effect itself was prominently present -  but this 
was not the case. Secondly, a genuine effect 
on the kinematic responses should ideally be 
supported by concurrent reductions in onset 
of EMG activity79, but this was not observed. 
Indeed, onsets of EMG responses in the ster­
nocleidomastoid muscle were nearly identical, 
irrespective of the direction of the accompa­
nying startling stimulus. Furthermore, onset 
latencies were comparable to the startle only 
condition in the validating experiment, where 
startling stimuli were administered without 
requesting rotation of the head. We therefore 
favour an alternative explanation, namely 
that during the simple RT tasks, the fast and
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similar movement onsets for ipsilateral and no direct functional bearing on the stimu-
contralateral startling stimuli were caused by lus, nor any emotional load. It is conceiv-
a floor effect. This explanation is supported by able that emotionally laden stimuli, or those
the positively skewed distribution of the reac- that combine a threat with a direction, do
tion times in the startle trials for ipsilateral affect directional responses. In this respect
stimuli. In other words, a further reduction of we cannot exclude the possibility that a direc-
movement onsets due to the startling stimulus tional dependence of the StartReact effect
is likely to be physiologically impossible in the might have been found if the task had included
simple RT tasks in which movement onsets a higher emotional content, as is typically the
were already very fast. In the choice RT tasks, case in real-life fight-or-flight behaviour.180
however, where movement onsets were longer, Such considerations may well form the basis
the startling stimulus could further accelerate for future experiments to assess the behav­
responses. ioural impact of startling.
Conclusion
We have demonstrated that startling acous-
tic stimuli can accelerate head movements
in a choice reaction time protocol. However,
we did not find any effects of the direction of
the startling stimulus on the direction of the
response. One conjectural reason for the lack
of such an effect is that the movement had
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Summary, general discussion and 
recommendations for future research
The aim of this thesis was to provide more insight into the mechanisms underlying falls. Specifi­
cally, we focused on modulation of automatic balance reactions that help to maintain an upright 
posture when persons are faced with externally applied perturbations. Clarifying the normal 
physiology of these automatic balance reactions might eventually help to better understand their 
failure; i.e. when people fall, a common event with aging and a wide variety of disorders. Here, the 
findings of this thesis are placed in a broader perspective and some recommendations for future 
research are provided.
In part based on:
Allum JHJ, Tang K-S, Carpenter MG, van der Heijden JHM, Oude Nijhuis LB and Bloem BR. 
Review of first trial responses in balance control: Influence of vestibular loss. Submitted for publi­
cation, revisions pending.
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SUMMARY
Modulation of balance control through restriction of 
knee movement
In Chapter 2 the effect of artificial knee stiff­
ness on balance control was investigated, 
because the importance of knee movements in 
the cascade of balance reactions has often been 
neglected. Moreover, patients suffering from 
disorders characterised by reduction of knee 
movements, often also show a loss of balance, 
underscoring the potential importance of 
normal knee motion for maintaining upright 
balance. To address this, subjects were exposed 
to sudden rotations of a support surface in six 
different directions, with and without indi­
vidually fitted knee casts on both legs. The 
primary outcome measure was movement of 
the body’s centre of mass (COM). Second­
ary outcome measures included biomechani­
cal responses of the legs, pelvis and trunk. 
Healthy young subjects were very well capa­
ble of adapting their movement strategies. 
Despite absence of knee motion, these subjects 
managed to maintain their upright balance, 
and no near-falls were recorded. Compensa­
tion for the lack of knee flexion was achieved 
through an increase of forward pelvis rotation 
and alterations in hip and ankle joint move­
ment. The fact that healthy subjects needed to 
adopt a different strategy to counter the effect 
of reduced knee flexion in order to retain 
balance, underscores that knee movements are 
an integral part of the normal balance correct­
ing strategy. Active control over all moving 
body segments is a challenge, especially when 
vestibular input is reduced (e.g. in patients 
with unilateral or bilateral vestibular loss)128;181, 
or when proprioceptive input is changed (e.g.
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after knee arthroplasty).182 Locking the knees 
can facilitate quiet standing, as less movement 
interaction between body links is present, and 
less movement action needs to be controlled 
(reduction of the number of degrees of free­
dom that needs to be controlled). An additional 
advantage of locking the knees is that subjects 
with pathologically reduced muscle strength 
(as may occur in e.g. a number of neuromus­
cular disorders see for rev]ew 183) require less force 
to control knee motion. However, while being 
advantageous under static conditions, this 
adaptive strategy of locking the knees becomes 
deleterious under more dynamic condi­
tions where external perturbations are being 
applied. Indeed, in previous studies that tested 
such patients under dynamic conditions, 
instability in the anterior-posterior direction 
was observed that could be attributed in part 
to the loss of normal knee motion.56;69 One 
example of a disorder where this knee stiff­
ening can be seen is spinocerebellar ataxia.56 
Apparently, SCA patients cannot compensate 
for their reduced knee flexion to the degree of 
healthy young subjects.
Modulation of balance control through additional 
knee flexion
In Chapter 3 balance reactions were modu­
lated by requesting subjects to make a volun­
tarily initiated knee flexion during an exter­
nally applied balance disturbance. The idea 
behind using these volitional knee movements 
was bifold. First, this approach would serve as 
the logical counterpart for the experiments 
described in Chapter 2 , thus strengthening or 
challenging the findings made in that experi­
ment. Second, use of voluntary knee flexion 
might be used as trained defence strategy
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against imminent falls, as it would serve to 
lower the centre of mass (COM) and thereby 
reduce body sway and reduce the impact 
when hitting the ground.184;185 To test this, 
healthy young subjects participated in three 
different test conditions: (a) flexing their 
knees following an auditory cue, but without 
being perturbed; (b) restoring their balance 
in response to multidirectional rotations of 
a support surface, but without extra voli­
tional knee flexion; or (c) the combination of 
these two conditions. An additional variable, 
calculated as the mathematical sum of the 
data values obtained in the first two condi­
tions, was compared to the third condition in 
which knee flexion and the balance perturba­
tion were combined. The results showed that 
subjects were able to incorporate the imposed 
knee flexion into their normal balance correc­
tions. When stance was perturbed in a forward 
direction while subjects flexed their knees, we 
observed an increased forward displacement 
of the calculated virtual COM of the body, 
yet this had no detrimental effect on balance 
corrections. When stance was perturbed back­
ward while subjects flexed their knees, a desta­
bilizing effect occurred, and this necessitated 
compensatory changes in movement strategy 
(greater trunk flexion, greater arm elevation). 
In addition, direction-dependent modula­
tion of both amplitudes and onset latencies of 
muscle activity were used to partially coun­
teract the negative effects of knee flexion on 
postural stability. These findings highlight the 
flexibility of the human balance repertoire, 
and underscore both the advantages and limi­
tations of using trained voluntary movements 
to aid balance corrections in man.
The impact of the first trial reaction on postural 
control
In Chapter 4  the postural first trial reaction 
was investigated using both biomechanical 
outcome measures and muscle responses. 
Subjects were instructed to maintain their 
upright stance following support-surface rota­
tions in six different directions. Perturbations 
in each direction were delivered in blocks, 
consisting of 10 serial stimuli. When stance was 
perturbed for the very first time, significantly 
exaggerated balance reactions were recorded 
with both kinematics and electromyography. 
These responses were unnecessarily large for 
maintaining equilibrium (as opposed to the 
following reactions to identical perturbations). 
Sway was markedly increased and the first trial 
coincided with occasional near-falls. W hen­
ever the perturbation direction was suddenly 
changed, the first trial reaction immediately 
re-emerged. The postural first trial reaction 
varied with perturbation direction. Specifi­
cally, response amplitudes were largest when 
subjects were perturbed backward, they were 
much smaller for forward directed perturba­
tions, and were smallest for laterally directed 
perturbations. A non-specific (direction- 
independent) flexion response was observed 
as part of the first trial reaction pattern. The 
findings raise questions about the underlying 
neurophysiological mechanism of the postural 
first trial reaction and the function of this 
response.
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The neurophysiological mechanism underlying the 
first trial reaction
In Chapter 5 the hypothesis was investigated 
that a generalized startle reflex adds to auto­
matic balance reactions to form the startle­
like postural first trial. To address this issue, 
eight healthy subjects received a series of 10 
identical postural perturbations (consisting 
of backward-directed platform rotations), and 
10 consecutive acoustic startling stimuli, in 
counterbalanced order. Full body kinematics 
were recorded, in addition to surface EMG of 
several muscles involved in startle responses 
and balance reactions. The results showed that 
the postural first trial reaction indeed features 
aspects of a startle reflex, which are absent 
in habituated postural responses. Consist­
ent with a previous report on perturbations 
in sitting subjects147, first trial reactions were 
recorded in response to both the postural 
perturbation and the auditory startle reflex, 
with large activity in neck muscles. Moreover, 
this large muscle activity was also recorded 
in the startle-responsive masseter muscle, 
which is presumably not involved in balance 
control. Habituation of neck muscle responses 
was not different for the postural perturba­
tion and the acoustic stimulus. In contrast, 
muscle response onsets were earlier for audi­
tory startle reflexes compared to the postural 
first trial. We conclude that the unexpected 
triggering of automatic postural responses by 
different sensory modalities can lead to star­
tle-like components, in the form of increased 
co-contraction across muscles and the pres­
ence of a masseter response within the first 
trial. The presence of these startle-like compo­
nents of the postural responses makes it diffi­
cult to clearly disentangle startle reactions per
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se from reactions to the balance perturbations. 
The differences in onset latencies between 
postural first trial reactions and the earlier 
occurring auditory startle reactions is best 
explained by the fact that triggering signals for 
postural reactions from the legs or trunk must 
travel via a long proprioceptive afferent path­
way to the brainstem.
Acceleration of movements through startle 
In Chapter 6  the influence of a startle reflex 
on a choice reaction time task was investi­
gated. Startle reflexes are known to acceler­
ate voluntary movements in a simple reaction 
time task.79;150;165 Theoretically, for a balance 
reaction to benefit, a startle reflex should also 
be able to accelerate reactions in a choice task. 
Startling acoustic stimuli were administered 
simultaneously with a voluntary reaction time 
task (in this case, a volitional head rotation). A 
voluntary movement instead of a balance reac­
tion was used to avoid possible intermingling 
of muscle activation patterns of startle reflex 
activity and automatic postural responses. 
Subjects were instructed to rotate their head 
as rapidly as possible to the left or to right in 
response to a guiding visual imperative stimu­
lus, in both a simple and choice reaction proto­
col. Startling acoustic stimuli (113 dB) were 
delivered simultaneously with the imperative 
stimulus (from either the same or opposite 
side) to. Kinematics of head rotations and elec­
tromyographic responses were recorded. The 
results showed that startling acoustic stimuli 
decrease reaction times not only in simple but 
also in choice reaction time tasks, suggesting 
that startle reflexes can accelerate adequate 
human motor responses. The absence of a 
clear directional sensitivity of reaction times
Summary, general discussion and recommendations for future research
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to startling acoustic stimuli suggests that the 
acceleration is not highly specific, but seems 
to provide a global preparatory effect upon 
which further tailored action can be under­
taken more quickly.
GENERAL DISCUSSION
Trained defence strategies to prevent falls
The healthy subjects in Chapters 2 and 3 
were able to adapt quickly to the modulated 
situation within a limited number of trials. 
Artificially induced knee stiffness (which can 
be a compensatory mechanism under static 
conditions) initially reduced stability when 
subjects were being perturbed while standing 
on a support-surface platform, but this was 
compensated by using additional trunk and 
arm motion. Conversely, subjects were able to 
incorporate extra voluntary knee movements 
into their normal balance reactions. The find­
ings of these two experiments thus point to the 
powerful ability of humans to adjust to new 
situations by engaging compensatory balance 
strategies. This information is not only inter­
esting from a neurophysiological perspective 
(underscoring the adaptability of the human 
balance repertoire), but it may also have clinical 
implications. Specifically, the findings of both 
studies suggest that compensatory movements 
may be beneficial for use as a trained defence 
strategy to prevent falls and subsequent inju­
ries. For example, trained knee flexion may 
lower the body centre of mass and thereby 
lead to stabilization. Furthermore, in case of 
an imminent fall, lowering the centre of mass 
may reduce the impact force when contacting
the ground should balance be lost.184;185 Some 
experiments are now beginning to show that 
it is indeed possible to train human subjects 
to adjust their fall strategies, using learned 
compensatory movements.101;186;187 The inte­
gration of balance corrections and volun­
tary commands into one automatic reaction 
may thus be useful in training fall avoidance. 
However, knee flexion does require sufficient 
knee strength, and a lack of knee strength is 
actually a main risk factor of falls.32;188;189
Untrained and unexpected responses to mimic daily 
life reactions.
In Chapters 2 and 3 traditional posturography 
experiments were used in which the exagger­
ated response to the very first balance distur­
bance (the so-called ‘first trial reaction’) was 
removed from the analyses. Instead, the grand 
average of the remaining balance responses 
was used for the final analyses. This averag­
ing approach was used to reduce the typically 
high variability in human postural responses, 
thus enabling more powerful comparisons 
between groups or conditions.^16 However, 
a fall in daily life is generally an unexpected 
single event, and not an averaged response. 
More importantly, this unexpectedness is 
known to be an important modulator of 
balance control.190 Therefore, the first trial 
reaction may be a better representation of 
such a fall in daily life, compared to the aver­
age of a series of responses. It remains unclear 
whether the first trial reaction is better able to 
discriminate between groups of patients with 
balance impairment and healthy controls. The 
balance reaction recorded during the first trial 
may possibly have a greater discriminating 
potential due to the greater effect size, as was
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observed in Chapter 4. This now needs to be 
taken to the test in future experiments. Our 
first experience in patients with Parkinson’s 
disease indeed suggests that a comparison of 
first trial responses offers a better discrimi­
native power from controls, compared to the 
habituated responses.191 However, much more 
work is clearly needed in this area, including 
the investigation of a wide range of different 
disorders that are commonly associated with 
falls in daily life.
The consequences of the startle-like postural first 
trial reaction
The work presented in this thesis suggests that 
a startle component is part of the postural first 
trial reaction. This finding suggests that the 
postural first trial reaction may have some sort 
of functionality for balance control. However, 
the results of Chapter 4 and 5 demonstrate 
that the postural first trial reaction is actu­
ally associated with increased instability, so a 
functional contribution to maintain balance 
does not seem likely. Indeed, near-falls were 
observed during the first trial, and overall 
excursions of the body’s centre of mass were 
increased. Muscle responses across the body 
were more time-synchronized during the first 
trial compared to subsequent perturbations. 
This may be explained as co-contraction of 
agonist and antagonist muscles, which would 
lead to stiffness. As was investigated in Chapter 
2, this stiffness could be the underlying cause 
of the increased instability to the postural 
first trial. Other experiments have also shown 
that artificially reducing the body’s multiseg­
mented response to balance perturbations 
using stiffening corsets negatively affects the 
quality of postural control.47;48 Observations in
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patients also suggest that startle reflexes may 
have a detrimental effect on postural control. 
This is illustrated by the clinical phenotype of 
major type hyperekplexia, a rare neurological 
condition where startling stimuli can cause 
severe stiffness with reduction of voluntary 
movements, resulting in falls without subjects 
being able to break their fall.163;164 However, 
startle reflexes can occasionally also be benefi­
cial. Thus it has been speculated that startling 
responses might serve as a rather non-specific 
‘protective response’, for example to shield the 
head against external stimuli.170 In addition, 
the crouching response following startling 
stimuli76 may have been beneficial in pre­
historic times, so one would not be detected by 
predators. When translating this to accidental 
falls, this crouching response might be benefi­
cial by lowering the body’s centre of mass and 
thereby reducing the impact of an imminent 
fall.184;185 In addition, startle reflexes are known 
to accelerate ballistic voluntary movements in 
a simple reaction time task.79;150;165 However, 
when losing balance in daily life, where reac­
tions are always complex, a startle reflex should 
also accelerate reactions when having a choice. 
In Chapter 6  we observed such an accelera­
tion for a choice reaction time task involv­
ing head movements. Furthermore, recent 
research has also found an acceleration of 
responses in an obstacle avoidance task when 
walking.167 However, faster, more generalized 
responses may come at a cost. Apart from the 
faster movements, an increase of movement 
errors was also reported in Chapter 6 , as well 
as in other studies.173;192;193 This may provide 
another explanation for the increased instabil­
ity during the postural first trial, next to the 
adverse effect of stiffening mentioned earlier.
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The neurophysiological mechanism underlying 
acceleration of movements through startle
The mechanism underlying the acceleration of 
choice reaction time tasks due to startle reac­
tions is unknown. One hypothesis assumes 
that several movement programs may be 
simultaneously ‘stored’ in the brainstem where 
they can be accessed by startling acoustic 
stimuli.173 However, this would not explain 
the movement errors reported in Chapter 6. 
Acceleration of choice reaction times may also 
be attributed to intersensory facilitation.176*177 
For example, Reynolds and Day did find a 
quickening effect, without contingency upon 
startle.194 Furthermore, movement errors were 
not observed. However, Carlsen et al. found 
that stimulus intensity effects are distinct 
from the early response latencies produced 
by startle141, which suggest a necessity for the 
presence of a startle reflex for a large reduc­
tion in movement onset. The discrepancy with 
the results of Reynolds and Day may therefore 
be explained by differences in the occurrence 
of startle reflexes in neck and leg muscles. The 
startle reflexes generated in the experiments 
of Reynolds and Day may not have resulted 
in an effect on leg muscles in their stepping 
task, whereas the startle reflexes in Chapter 
6  had a direct influence on the neck muscles 
involved in the head rotation task, which are 
also known to be sensitive to startling stimuli. 
Similar onset latencies in both agonist and 
antagonist muscles were recorded with startle 
reflexes and the response amplitudes did not 
differ significantly, nor were they specific for 
the direction of head rotation. This suggests 
that startle responses are perhaps not specific 
reactions, but simply lead to a fast and gener­
alized increase in muscle tone. Assuming that
the process of response selection is a cortical 
event, our finding that the StartReact effect is 
present in choice tasks might be explained by 
intersensory facilitation, defined as an increase 
of neural excitability and decreased neural 
thresholds174, combined with a rapid increase 
in muscle tone caused by the startle reflex, that 
would serve as a basis upon which choices can 
be executed faster.
RECOMMENDATIONS FOR FUTURE 
RESEARCH
Neurophysiological mechanisms underlying human 
balance reactions
The observations on the first trial reaction, 
which has also been referred to as “startle­
like” response49;75, raise many further ques­
tions about the underlying neurophysiological 
mechanism.
Neural pathways involved in balance control.
Further work is needed to investigate the 
contribution of supraspinal structures to early 
balance reactions. The earliest compensatory 
response following rapid postural perturba­
tions is believed to be organized at the spinal 
level, as time constraints prevent influence of 
cortical and subcortical structures.195 Until 
recently, the motor cortex was thought to have 
a minor role in controlling human posture.196 
Attention later focussed on the influence of 
subcortical structures as these were considered 
to harbour the fast and more variable move­
ment strategies compared to spinal reflexes.197 
However, recent observations indicate an 
important role of the cortex in postural control
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in both animals (through direct electro- 
physiological recordings from cortico motor 
neurones)198;199 and humans (through non­
invasive electrophysiological techniques, such 
as transcranial magnetic stimulation (TMS), 
electroencephalography (EEG) and neuroim­
aging techniques).41;200 Direct monosynaptical 
corticospinal projections were shown to be 
important for control of perturbed stance.201 
Furthermore, improved balance performance 
following training is mainly ascribed to 
supraspinal adaptations.202
First trial trigger mechanism. Studies 
comparing the timing of muscle activation 
patterns between first trial responses evoked 
by various modalities (e.g. tactile stimuli at the 
ankle or neck) and intensities could provide 
better insights into the location and inten­
sity of the trigger. Such studies should care­
fully record body accelerations (not only the 
head) to further determine if there are early 
differences between first and second trials 
that could underlie first trial reactions. Both 
supra-threshold proprioceptive and vestibular 
signals are present at the onset of perturba­
tions induced by support-surface movements. 
However, in subjects suffering from vestibular 
loss first trial reactions were still observed.37 
Apparently, vestibular signals are not neces­
sary for evoking first trial reactions. In addi­
tion, the question arises if these first trial 
responses can be triggered directly at a cortical 
level, because experiments in monkeys suggest 
a cortical trigger for defensive reactions.203;204
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It is suggested that they emphasize the more 
spatially specific reactions that occur after 
startle. Future experiments may investigate the 
origin of these responses.
M odulation o f balance reactions through 
startle reflexes. In Chapter 6  startle reflexes 
accelerated movements in a choice reac­
tion time task. The question remains if star­
tle reflexes can also accelerate responses in 
a balance control task, which is essentially a 
choice reaction time task with a functional 
bearing. However, instead of using ‘feet in 
place’ balance reactions, as were used in this 
thesis, stepping reactions without restric­
tion may be used.194;205 When these externally 
evoked stepping responses are accelerated by 
the concurrent startle reflex, the accelerated 
stepping responses would not intermingle 
with the actual startle reflex, as was the case 
with the stretch reflexes that occur with feet 
in place balance reactions. In addition, future 
experiments should use the phenomenon of 
habituation and could compare a startling 
acoustic stimulus in combination with fully 
habituated balance reactions to the presum­
ably accelerated automatic postural first trial 
reactions.
Deceleration o f support-surface platforms.
The support-surface platform used in most 
experiments described in this thesis provides 
an excellent and controlled technique for 
challenging balance control. However, recent 
work has emphasised that the currently used 
platforms not only use the acceleration phase 
of the support-surface motion to challenge 
balance control, but that the following decel­
eration also has an effect on balance reactions.
Summary, general discussion and recommendations for future research
7
This may be an important source of misinter­
pretation of the data. Because the total range 
of platform motion is usually limited to a few 
decimetres, the acceleration-deceleration 
interval is short. Therefore, reactive postural 
responses elicited by platform acceleration 
could mix and interfere with responses trig­
gered by the inevitable deceleration.65;206 This is 
especially true for the measured centre of pres­
sure, joint torque and body sway. In addition, 
anticipatory mechanisms could be used to 
adjust the initial response to, and utilize, non- 
muscular torques generated by platform decel­
eration.207 During perturbations with a short 
acceleration-deceleration interval, activity in 
some antagonists muscles was associated with 
the deceleration and not with the initial accel­
eration of the support surface.65 Finally, the 
deceleration may also help to stabilize upright 
posture by mechanically countering the effect 
of the preceding acceleration, thereby possibly 
obscuring more pronounced balance difficul­
ties.208 This inherent limitation applies to the 
vast majority of currently available movable 
platform systems, and limits the ecological 
validity of the obtained findings. Therefore, 
future studies should use a different support- 
surface platform which is able to move of 
longer distances and thus postpone the decel­
eration phase for a longer period of time.
Clinical relevance
Diagnostic utility o f firs t trial reactions.
Both clinical studies and posturography 
experiments typically ignore the value of the 
singular and unexpected first trial reaction. 
Practice trials are allowed, prior information 
about the balance disturbance is provided, 
or the first trial reaction is often excluded
completely.30;69;209;210 Therefore, differences in 
first trial reactions between patient popula­
tions and healthy controls are not available. 
Future studies should investigate if the analysis 
of first trial reactions leads to a better discrim­
ination of patients with balance impairments 
and healthy control subjects, compared to the 
use of a habituated series of identical or rand­
omized postural responses. In addition, these 
studies may investigate if the impact of the first 
trial effect is similar in studies using a protocol 
with different perturbation directions that are 
administered randomly. The gradual habitu­
ation occurring when new first trial effects 
are elicited by suddenly varying the balance 
perturbation direction may be comparable 
to the habituation seen in experiments using 
random multidirectional perturbations.30;31;63 
This may enable powerful investigation of the 
mechanisms underlying first trial reactions in 
experiments containing sufficient data values 
to reduce the often large inter- and intra subject 
variability in human postural responses.4
Diagnostic utility in Parkinson’s disease.
Classic dynamic posturography studies using 
a grand average of multiple balance reactions 
detected pronounced differences between 
healthy control subjects and patients with 
vestibular loss69 and spinocerebellar ataxia.56 
However, studies in patients with Parkin­
son’s disease (PD) reported less pronounced 
differences7^ 152, although postural instability 
is an important hallmark of PD. Indeed, PD 
patients fall up to five times more often in 
comparison to healthy subjects of the same 
age.11 An earlier study reported larger auto­
matic postural responses in leg muscles of 
PD patients during the first perturbation,
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although subjects had received practice trials 
prior to the experiment.75 In a recent study we 
investigated postural first trial reactions in PD 
patients, who had not received such practice 
trials.211 Interestingly, in terms of diagnostic 
utility, focusing on the first trial reaction was 
no better than analysis of pooled responses to 
a series of perturbations. However, a drawback 
of this study was the use of perturbations with 
randomly mixed directions, which may have 
reduced the amount of habitation across trials. 
Furthermore, patients were tested when using 
their regular medication (ON-medication), 
which may have reduced the diagnostic poten­
tial for balance impairments, as automatic 
postural responses are under dopaminer­
gic control.212 Early results of a study using a 
series of pure toe-up rotational perturbations 
when deprived of their regular medication, 
suggest that the differences in centre of mass 
(CoM) displacement between PD patients and 
controls are far greater in first trial reactions 
and the next 2-3 responses than for subse­
quent habituated responses. The question 
arises whether these heightened first trial reac­
tions in PD patients -  as seen in their muscle 
responses and biomechanics -  and slower 
habituation rates are caused by enhanced star­
tle responses embedded within first trial reac­
tions and subsequent responses.
Diagnostic potential o f startle reflexes.
Expression of startle reflexes have been 
reported to vary for different disorders. For 
example, startle reflexes (evoked by auditory 
or somatosensory stimuli) are delayed in PD, 
normal in multiple system atrophy and absent 
or reduced in progressive supranuclear palsy 
(PSP).137;213;214 In addition, acceleration of reac­
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tion times was absent in PSP.215 Such differ­
ences in sensitivity to startle reactions may not 
only have a diagnostic potential in discrimi­
nating between differential diagnoses216, but 
may also relate to reported differences in fall­
risk.
Fear o f falling. Besides direct influences of a 
startle component on physiological outcome 
measures, such as muscle-response latencies 
and amplitudes, the startle reflex also influ­
ences cognitive ‘mindsets’. For example, startle 
is known to increase fear217, thus creating a link 
with so-called ‘fear of falling’. Fear of falling 
is regarded as an important cognitive factor 
modulating postural performance. Signifi­
cant changes in the amplitude and frequency 
of centre of pressure displacements have been 
observed when subjects are afraid of falling218, 
for example when standing on the edge of a 
high surface.129 Also, amplitudes oflong latency 
muscular responses to unexpected support- 
surface rotations increase when subjects stand 
on a high surface compared to low surface 
heights.114 Fear of falling is common in older 
adults219 and is particularly pronounced in 
patients with balance disorders220, such as 
Parkinson’s disease.221;222 How the exaggerated 
responses during a first postural disturbance 
relates to the development of fear of falling, 
remains the subject for future experiments. In 
addition, future experiments may investigate 
the relation between changes in fear of falling 
and changes in sensitivity to startling stim­
uli. As fear and anxiety may negatively affect 
postural performance, these factors should be 
considered as potentially confounding vari­
ables that need to be controlled, or at least 
measured, during posturography experiments.
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For example, this becomes relevant when 
making comparisons of postural performance 
across groups that have different levels of fear 
or anxiety, where the cognitive influences may 
mask or mimic physiological differences.4
CONCLUSION
The combination of advanced posturography 
techniques and their application in various 
disease populations may yield important new 
clues that will advance our understanding 
of fall mechanisms in daily life. Specifically, 
modulation of specific elements of balance 
control in healthy subjects, combined with the 
use of delayed decelerations of moving plat­
forms, and applied in specific patient popula­
tions with balance impairments may provide 
crucial new insights into the contribution of 
different risk factors for falls, provide new 
tools for the early diagnosis of balance impair­
ment, and ultimately offer novel avenues for 
the prevention of falls.
121
122
SAMENVATTING IN HET 
NEDERLANDS 
(Summary in Dutch) WAAROM DIT ONDERZOEK?
Meer dan een derde van alle ouderen boven de 
65 jaar heeft tenminste één val meegemaakt en 
de helft van deze ‘vallers’ valt zelfs meerdere 
keren per jaar.1;2 Met het ouder worden van de 
bevolking, is het waarschijnlijk dat het aantal 
valincidenten de komende jaren sterk zal 
toenemen. De gevolgen van vallen zijn enorm, 
zowel voor de personen die het overkomt als 
voor de gehele maatschappij.
In 2010 zullen er in Nederland bijvoorbeeld 
een verwacht aantal van 22.000 heupfrac- 
turen ontstaan3 en daarnaast is een val de 
belangrijkste doodsoorzaak bij ongelukken 
met ouderen.2;5;6 Angst om te vallen kan daar­
naast leiden tot immobilisatie en zelfs sociale 
isolatie8^ , wat weer kan leiden tot enorme 
kosten voor de maatschappij. Zo bedragen in 
Nederland de directe kosten van letsels door 
ongelukken in en rond het huis (waarvan 
de helft valgerelateerd zijn) ongeveer €2.1 
miljard.10
Vallen begrijpen
Mechanismen die ten grondslag liggen aan 
vallen zijn erg complex en uiteenlopend. Een 
veelvoud aan risicofactoren is geïdentificeerd 
die allemaal geassocieerd worden met vallen, 
ook wanneer ze geïsoleerd aanwezig zijn.1 
Deze complexe mechanismen maken het 
moeilijk om te voorspellen of iemand in de 
nabije toekomst zal gaan vallen. Tot nu toe is 
de meest consistente en betrouwbare voor-
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speller van een val simpelweg het optreden 
van een eerdere val.11;12 Gezien het feit dat 
een eerste val al tot aanzienlijke schade kan 
leiden, is het erg wenselijk om een beter en 
meer gedetailleerd inzicht te verkrijgen in de 
mechanismen die ten grondslag liggen aan een 
val. Hiermee kunnen mogelijk betere model­
len ontwikkeld worden om toekomstige vallen 
te voorspellen en daarnaast te voorkomen.
WAT IS ER GEDAAN?
Meer inzicht in de (ziekte)mechanismen bij 
vallen kan bijvoorbeeld verkregen worden 
door gedetailleerde studies van ouderen en 
patiënten met aandoeningen, waarbij een 
verslechtering van de balans aanwezig is. 
Voorbeelden hiervan zijn patiënten met 
aandoeningen van het evenwichtsorgaan, of 
neurologische aandoeningen, zoals parkin­
sonismen. Bovendien kan de normale 
balansregulatie bestudeerd worden, bijvoor­
beeld door het manipuleren en uitdagen van 
het evenwicht van gezonde personen. Het 
werk dat gepresenteerd is in dit proefschrift, is 
beperkt tot de laatste benadering.
Dynamische posturografie
Een gangbare techniek om de handhaving van 
het evenwicht te onderzoeken is dynamische 
posturografie (Box 1.1), waarbij gestandaardi­
seerde verstoringen van de balans opgelegd 
worden. Veelal gebeurt dit door plotselinge 
bewegingen van een platform, waarop men 
staat.16;29 Proefpersonen worden geïn­
strueerd te proberen te blijven staan, terwijl 
het beweegbare platform plotseling gekan­
teld of verschoven wordt. De daaropvolgende
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balansreacties kunnen dan op verschillende 
manieren worden gemeten, bijvoorbeeld door 
het meten van spieractiviteit middels (opper­
vlakte-) elektromyografie (EMG), of door het 
meten van de krachten en bewegingen van de 
balansreactie.
De cascade van balansreacties
Wanneer mensen uit balans gebracht worden 
door een beweegbaar platform zijn er een 
aantal opeenvolgende reacties in de spieren 
rond het enkelgewricht te onderscheiden. 
De eerst zichtbare balansreacties worden 
wel rekreflexen of short-latency (SL) respon- 
sen genoemd (figuur 1.3). Deze reflexen, die 
doorgeschakeld worden in het ruggenmerg, 
treden al op ongeveer tussen 40 en 80 ms na 
de balansverstoring.33-35 Aan het andere einde 
van het spectrum van balansreacties bevin­
den zich de vrijwillige reacties, die optreden 
na ongeveer 220 ms. De terminologie voor 
de reacties tussen de rekreflexen en vrijwil­
lige bewegingen is inconsistent en soms 
verwarrend. Deze zogeheten ‘automatische 
posturele responsen’ (APRs) kunnen worden 
onderverdeeld in medium-latency (ML, rond 
80-120 ms)36-38 long-latency (LL, rond 120-220 
ms)34;39;40 responsen. De APRs treden dus 
eerder op dan vrijwillige reacties, maar zijn 
ook minder variabel. Aan de andere kant zijn 
ze verschillend van de rekreflexen, omdat 
APRs weer meer contextspecifiek en variabel 
zijn, wat een grotere mogelijkheid suggereert 
voor tussenkomst van meerdere schakelsta- 
tions in het ruggenmerg en verandering door 
hoger gelegen structuren, zoals de grote en 
kleine hersenen en de hersenstam.zie voor review 41
Modulatie van specifieke elementen van 
balansreacties
Tijdens het onderzoek naar balansreacties 
kunnen verschillende onderdelen van de 
opeenvolgende reacties getest of gemodu­
leerd worden en dit kan zorgen voor een beter 
begrip van het balansmechanisme. Zo kan 
bijvoorbeeld de snelheid of de intensiteit van 
de platformbeweging veranderd worden en 
kunnen de signalen die gegenereerd worden in 
de verschillende delen van het centrale zenu­
wstelsel beïnvloed worden. De bijdrage van 
het gezichtsvermogen (visuele feedback) kan 
bijvoorbeeld eenvoudig verminderd worden 
door het sluiten van de ogen en de positiezin 
(proprioceptieve feedback) kan gemanipu­
leerd worden door het staan op een flexibele 
ondergrond.16;42;43 Het is ook mogelijk om 
zogeheten ‘sensore verstoringen’ te gebruiken, 
door bijvoorbeeld direct het evenwichtsorgaan 
elektrisch te stimuleren44 of de visuele omge­
ving te bewegen.45 Daarnaast kunnen de bewe­
gingen na balansverstoringen direct gema­
nipuleerd worden door bijvoorbeeld bepaalde 
lichaamsbewegingen te beperken met rigide 
korsetten en zo de beweging van bijvoorbeeld 
de enkel, knie of romp uit te schakelen.47;48
Habituatie van balansreacties
In onderzoeken waarbij gebruik wordt 
gemaakt van dynamische posturografie zijn 
responsen niet alleen reactief, maar speelt 
anticipatie (feed forward) ook een rol in het 
genereren van effectieve balansreacties. In 
posturografie experimenten, waarbij het 
gebruikelijk is om series van identieke balans- 
verstoringen toe te dienen, is habituatie of 
gewenning een duidelijk voorbeeld van een 
dergelijk mechanisme (Box 1.2). Een gangbare
Summary in Dutch
manier om het effect van habituatie teniet te 
doen is door van iedere deelnemer het gemid­
delde van een groot aantal reacties te nemen 
op opeenvolgende balansverstoringen en dit 
gemiddelde op te nemen in de totale gemid­
delde reactie van de onderzochte populatie. 
Daarnaast wordt de reactie op de allereer­
ste balansverstoring zelfs verwijderd, omdat 
gezegd wordt dat de grootste habituatie tussen 
de eerste en tweede opeenvolgende verstoring 
plaatsvindt.37;49 Beide benaderingen houden 
echter geen rekening met het feit dat habituatie 
waarschijnlijk erg relevant is om vallen in het 
dagelijks leven te kunnen begrijpen. Een val is 
gewoonlijk een enkelvoudige en ongeoefende 
gebeurtenis die zich slechts zelden herhaalt 
onder identieke omstandigheden. Juist om 
dergelijke uit het leven gegrepen vallen te 
kunnen begrijpen, zou een analyse van de 
balansreactie na de allereerste verstoring erg 
verhelderend kunnen zijn. Een aantal onder­
zoekers hebben deze zogeheten ‘first trial 
reactie’ opgemerkt en hebben gemeld dat de 
reactie verschillend lijkt te zijn van alle daar­
opvolgende reacties. Een opmerkelijk verschil 
is dat de door de eerste reactie opgewekte 
spieractiviteit buitengewoon groot is.37;49
HOE ZIJN DE ONDERZOEKEN 
UITGEVOERD?
Modulatie van balansreacties door middel 
van een beperking van kniebewegingen 
In hoofdstuk 2 werd het effect van het 
kunstmatig verstijven van de knieën op de 
balanshandhaving onderzocht, omdat het 
belang van kniebewegingen in balansre­
acties veelal is genegeerd. Patiënten die
125
Samenvatting in het Nederlands
lijden aan aandoeningen waarbij kniebewe- 
gingen verminderd zijn, hebben vaak ook 
een verslechterde balans, waarmee het belang 
van normale kniebewegingen tijdens de ba- 
lanshandhaving nog eens wordt benadrukt. 
De proefpersonen werden staande op een 
kantelplatform blootgesteld aan plotselinge 
rotaties van het platform in zes verschillende 
richtingen, met en zonder individueel gepaste 
gipskorsetten om beide knieën. De belangrijk­
ste uitkomstmaat was de verplaatsing van het 
massazwaartepunt van het lichaam (COM), 
wat gezien kan worden als een gemiddelde van 
de totale verplaatsing van alle verschillende 
lichaamsdelen.
Modulatie van balanshandhaving door 
extra kniebuiging
In Hoofdstuk 3 werd proefpersonen gevraagd 
om tijdens een balansverstoring een kniebui­
ging te maken. Deze benadering diende als 
een logische tegenhanger van het experiment 
beschreven in Hoofdstuk 2 en daarnaast zou 
de kniebuiging een goede strategie op kunnen 
opleveren om te trainen en daarmee dreigende 
vallen voorkomen. Om dit te kunnen onder­
zoeken namen gezonde, jonge proefpersonen 
deel aan drie verschillende testcondities: (a) 
kniebuiging na een auditief startsignaal, maar 
zonder gekanteld te worden; (b) herstellen van 
het evenwicht na balansverstoringen staande 
op een kantelplatform, maar zonder de extra 
kniebuiging; of (c) de combinatie van deze 
twee condities. Een extra variabele, berekend 
als de som van de datapunten verzameld in de 
eerste twee condities, werd vergeleken met de 
derde conditie waarin de balansverstoring en 
de kniebuiging gecombineerd werden.
De impact van de 'first trial' reactie op de 
balanscontrole
In Hoofdstuk 4 werd het optreden van de 
first trial reactie onderzocht met behulp van 
metingen van bewegingen en spieractiviteit. 
Hiervoor werden proefpersonen geïnstrueerd 
om staande op een kantelplatform hun even­
wicht te bewaren na rotaties van het platform 
in zes verschillende richtingen. De plotselinge 
verstoringen van de balans werden toegediend 
in blokken, bestaande uit 10 opeenvolgende 
platformbewegingen in dezelfde richting. De 
balansreactie na de eerste verstoring werd 
vergeleken met de daaropvolgende reacties in 
dezelfde richting. Daarnaast werden de reac­
ties in de verschillende richtingen met elkaar 
vergeleken.
Het mechanisme dat ten grondslag ligt aan de 
'first trial' reactie
In Hoofdstuk 5 werd de vooronderstelling 
onderzocht dat de in eerdere onderzoeken 
genoemde ‘startle-achtige’ first trial reactie 
gevormd wordt door de automatische ba- 
lansreactie met daar bovenop een algemene 
schrikreflex. Acht gezonde proefpersonen 
ontvingen hiervoor een reeks van 10 identieke 
balansverstoringen (bestaande uit platform- 
kantelingen in achterwaartse richting) en 10 
keer een startling akoestische stimulus (een 
kort en hard geluid van 110 decibel), waar­
bij de volgorde van de series verschilde voor 
de helft van de proefpersonen. Bewegingen 
van het lichaam werden geregistreerd, naast 
activiteit van verschillende spieren betrokken 
bij zowel schrikreacties als balansreacties.
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Versnelling van bewegingen door schrikken 
In Hoofdstuk 6  werd de invloed van een 
schrikreflex op de reactiesnelheid van bewe­
gingen onderzocht. Het was al bekend dat 
schrikreacties vrijwillige bewegingen in een 
eenvoudige reactietijden taak konden versnel- 
len.79;151;166 Om ook een balansreactie te 
kunnen versnellen, zou een schrikreactie ook 
in staat moeten zijn om een reactie te versnel­
len waarbij nog een keuze tussen bewegingen 
gemaakt moet worden. Proefpersonen moes­
ten zo snel mogelijk hun hoofd naar links of 
rechts draaien naar de kant van een oplichtend 
ledlampje. In een aantal gevallen werd hierbij 
tegelijkertijd een startling akoestische stimulus 
toegediend. In dit geval werd gebruik gemaakt 
van een snelle draai van het hoofd en niet van 
een balansreactie om een mogelijke vermeng­
ing van de patronen van spieractiviteit van 
schrikreflexen en automatische balansreacties 
te voorkomen. De bewegingen van het hoofd 
en spieractiviteit van een aantal nekspieren 
werden geregistreerd.
WAT HEBBEN WE GEVONDEN?
De gezonde, jonge personen in Hoofdstuk 
2  waren heel goed in staat om hun bewe- 
gingsstrategieën aan te passen op de beperkte 
kniebewegingen. Zo slaagde men erin om het 
evenwicht te behouden en werden er geen 
“bijna-vallen” geregistreerd. Het gebrek aan 
kniebuiging werd met name gecompenseerd 
door een toename van de voorwaartse draai 
van het bekken en veranderingen in de bewe­
gingen van de heup en enkels. Het feit dat 
de gezonde proefpersonen een andere stra­
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tegie moesten aannemen om het effect van de 
verminderde kniebeweging tegen te gaan en 
zo hun evenwicht te behouden, benadrukt dat 
kniebewegingen een integraal onderdeel zijn 
van de normale strategie voor balanshandha- 
ving.
De resultaten in Hoofdstuk 3  lieten zien dat 
proefpersonen in staat waren om de kniebui­
ging goed te integreren in de normale ba- 
lansreactie. Voorwaartse kanteling van het 
platform in combinatie met kniebuiging leidde 
tot een toename van de voorwaartse ver­
plaatsing van het berekende lichaamszwaarte- 
punt, maar dit had geen nadelig effect op de 
stabiliteit. Een combinatie van achterwaartse 
kanteling en kniebuiging had wel een desta­
biliserend effect. Hierdoor werd een veran­
dering van bewegingsstrategie noodzakelijk 
(grotere rompbuiging en heffen van de armen) 
ter compensatie van de instabiliteit. Daar­
naast werden veranderingen in de mate en 
snelheid van optredende spieractiviteit gevon­
den die het negatieve effect van kniebuiging 
op de balans tegengaan. Deze bevindingen 
illustreren de flexibiliteit van het repertoire 
aan balansreacties en benadrukken zowel de 
voordelen als de beperkingen van het gebruik 
van getrainde bewegingen om balanscorrec- 
ties te ondersteunen.
Getrainde valpreventie strategieën
De bevindingen in hoofdstukken 2  en 3 tonen 
de kracht van mensen om zich aan te passen 
aan nieuwe situaties door ter compensatie 
nieuwe balansstrategieën toe te passen. Deze 
informatie is niet alleen interessant vanuit 
een mechanistisch perspectief (waarbij het 
aanpassingsvermogen in het repertoire aan
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balansreacties benadrukt wordt), het zou 
ook klinische implicaties kunnen hebben. De 
bevindingen in beide studies suggereren dat 
de gevonden aanpassingen voordelig kunnen 
zijn en gebruikt kunnen worden in valpre- 
ventie trainingen. Bijvoorbeeld, een getrainde 
kniebuiging zou het lichaamszwaartepunt snel 
kunnen verlagen en zo tot een grotere stabiliteit 
leiden. Bovendien zou dit in het geval van een 
daadwerkelijke val tot minder letstel kunnen 
leiden, door een vermindering van de kracht 
van de klap.185;186 Een aantal experimenten 
beginnen nu te laten zien dat het inderdaad 
mogelijk is om personen te trainen om hun 
valstrategie aan te passen, gebruik makend van 
compensatiemechanismen.102;187;188 De integra­
tie van balanscorrecties en vrijwillige bewe­
gingen in één automatische balansreactie kan 
dus nuttig zijn in het voorkomen van een val. 
Echter, voor kniebuiging is meer kracht nodig 
dan voor het op slot zetten van de knieën 
en mensen moeten dus wel over voldoende 
kracht beschikken. Een gebrek hieraan is een 
belangrijke risicofactor voor vallen.33;189;190
In Hoofdstuk 4  werden significant grotere 
bewegingen en spieractiviteit geregistreerd 
na een allereerste verstoring van de balans ten 
opzichte van daaropvolgende reacties na iden­
tieke balansverstoringen. De eerste balans- 
verstoring viel incidenteel samen met ‘bijna­
vallen’. Wanneer de richting van de verstoring 
plotseling veranderd werd, keerde de first trial 
reactie direct terug. De grootte van de first trial 
reactie varieerde met de richting van de kante­
ling en was het grootst wanneer proefpersonen 
naar achteren werden gekanteld. Een aspeci­
fieke (richtingsonafhankelijke) buiging van het 
lichaam werd waargenomen als onderdeel van
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het reactiepatroon. De bevindingen roepen 
vragen op over het onderliggende mecha­
nisme en de functie van de first trial reactie.
Ongetrainde en onverwachte reacties om reacties uit 
het dagelijks leven na te bootsen 
In de Hoofdstukken 2  en 3  werden traditionele 
posturografie experimenten toegepast, waarin 
de sterk vergrote reactie op de allereerste 
balansverstoring (de zogeheten first trial reac­
tie) niet werd geanalyseerd. In plaats daarvan 
werd het gemiddelde van de overige reacties 
gebruikt. Deze methode werd toegepast om de 
grote variabiliteit, die typisch is voor mense­
lijke balansreacties, te reduceren en daarmee 
krachtiger vergelijkingen mogelijk te maken 
tussen groepen of condities.6;18 Echter, een val 
in het dagelijks leven is normaal gesproken een 
eenmalige en onverwachte gebeurtenis en niet 
een gemiddelde reactie. Bovendien staat het 
onverwachte aspect bekend als een belangrijke 
modulator van balanscontrole.191 Daarom zou 
de first trial reactie wel eens een beter voor­
beeld van een dergelijke val in het dagelijks 
leven kunnen zijn, vergeleken met het gemid­
delde van een serie reacties. Tot op heden blijft 
het onduidelijk of de first trial reactie beter 
in staat is om onderscheid te maken tussen 
groepen patiënten met balansproblemen en 
gezonde controlepersonen.
De resultaten in Hoofdstuk 5  toonden aan dat 
de first trial reactie wel degelijk kenmerken laat 
zien van een schrikreflex, die ontbreken tijdens 
gehabitueerde balansreacties. In overeenstem­
ming met een eerder verslag over plotselinge 
balansverstoringen in zittende proefper- 
sonen148, werden first trial reacties geregis­
treerd tijdens de balansverstoringen en ook
tijdens akoestisch opgewekte startle reflexen, 
waarbij een sterke activiteit van de nekspieren 
geregistreerd werd. Bovendien werd deze grote 
spieractiviteit gemeten in de schrikresponsieve 
masseter spier, een kaakspier die vermoedelijk 
niet betrokken is bij de houdingshandhaving. 
Gewenning van de reacties in de nekspieren 
was niet verschillend voor de balansversto- 
ringen ten opzichte van de akoestische stimuli. 
Spieractiviteit trad echter wel eerder op tijdens 
de akoestische startle reflex, vergeleken met de 
first trial balansreactie.
In Hoofdstuk 6  versnelden de toegediende 
startling akoestische stimuli niet alleen de 
hoofdbewegingen tijdens de enkelvoudige 
reactietaak, maar ook tijdens de keuze voor een 
hoofddraai naar links of rechts. Dit suggereert 
dat schrikreflexen bewegingen met een dageli­
jkse functie daadwerkelijk kunnen versnellen. 
Het ontbreken van een duidelijke richtingsaf- 
hankelijkheid van reactietijden op de kant van 
de opgelegde startling akoestische stimulus, 
suggereert dat de versnelling niet erg speci­
fiek is, maar lijkt te zorgen voor een algemeen 
voorbereidend effect. Hierdoor zou verdere 
actie sneller ondernomen kunnen worden.
De gevolgen van de startle-achtige 
first trial reactie
Het onderzoek gepresenteerd in dit proef­
schrift suggereert dat een startle component 
onderdeel is van de first trial balansreac- 
tie. Deze bevinding suggereert op zijn beurt 
weer dat deze first trial reactie functioneel 
zou kunnen zijn voor het bewaren van het 
evenwicht. De resultaten van Hoofdstuk 4 
en 5 laten echter zien dat de first trial reactie 
gepaard gaat met toegenomen instabiliteit;
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een functionele bijdrage aan de balanshand- 
having lijkt dus niet waarschijnlijk. Inderdaad 
werden ‘bijna-vallen’ waargenomen tijdens 
de first trial en werden grotere uitslagen van 
het lichaamszwaartepunt geregistreerd. Spier- 
activiteit was gedurende de first trial reac­
tie meer gesynchroniseerd aanwezig over 
het hele lichaam, vergeleken met reacties op 
daaropvolgende balansverstoringen. Dit zou 
uitgelegd kunnen worden als co-contractie 
van agonistische en antagonistische spieren, 
dat zou leiden tot stijfheid. Deze stijfheid, 
zoals werd onderzocht in Hoofdstuk 2, zou 
ten grondslag kunnen liggen aan de instabi­
liteit gedurende de first trial reactie. Andere 
onderzoeken hebben ook al aangetoond dat 
het kunstmatig beperken van de balansreactie 
door het gebruik van verstijvende korsetten, 
de balansreactie negatief beïnvloedt.4^ 49 Waar­
nemingen in patiënten suggereren dat ook 
startle reflexen een dergelijk nadelig effect 
zouden kunnen hebben op de balanshand- 
having. Dit wordt goed geïllustreerd door de 
zeldzame neurologische aandoening ‘major 
type hyperekplexia’, waarbij schrikreflexen 
ernstige stijfheid kunnen veroorzaken. Hier­
door neemt de mogelijkheid tot bewegingen 
af, waardoor men valt zonder dat deze val 
opgevangen kan worden.164;165 Aan de andere 
kant is van startle reflexen ook bekend dat ze 
soms nuttig kunnen zijn. Zo wordt gezegd 
dat de reflexen zouden kunnen dienen als 
een soort aspecifieke verdedigingsreactie, 
bijvoorbeeld om het hoofd tegen gevaar uit de 
omgeving te beschermen.171 Het ineenduiken 
na startling stimuli1 zou in de prehistorie ook 
nuttig kunnen zijn geweest om te voorkomen 
dat men ontdekt werd door roofdieren. Als we 
dit dan vertalen naar incidentele vallen, zou
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het ineenduiken nuttig kunnen zijn door het 
lichaamszwaartepunt te laten zakken en daar­
mee de kracht van een val te verminderen.185;186 
Bovendien is van startle reflexen bekend dat ze 
reactietijden van enkelvoudige bewegingen 
kunnen versnellen79;151;166 en in Hoofdstuk 6  is 
gebleken dat dit ook mogelijk is in keuzetaken, 
wat ook zou kunnen duiden op een nuttig 
effect van de startle reflex in het dagelijks 
leven. Daarnaast is er in recent onderzoek 
ook aangetoond dat reacties ook versnellen 
gedurende het ontwijken van obstakels tijdens 
het lopen.168 Echter, voor sneller uitgevoerde, 
maar minder specifieke reacties zou men een 
prijs kunnen betalen. In Hoofdstuk 6  werden 
naast de snellere bewegingen, net als in andere 
onderzoeken ook meer foutieve bewegingen 
geregistreerd.174;193;194 Dit zou een aanvullende 
verklaring kunnen geven voor de toegenomen 
instabiliteit tijdens de first trial reactie, buiten 
de al eerder genoemde optredende stijfheid.
Wat kunnen we ermee?
In dit proefschrift werden verschillende 
aanbevelingen gedaan voor toekomstig onder­
zoek.
Zo is er bijvoorbeeld meer onderzoek nodig 
om te identificeren welke zenuwbanen 
betrokken zijn bij de vroege automatische 
balansreacties. Van deze reacties werd gedacht 
dat deze georganiseerd werden op ruggen- 
mergniveau, omdat tijdbeperking de invloed 
van de hersenen zou voorkomen.196 Echter, 
recent onderzoek wijst op een belangrijke rol 
voor de hersenschors in de handhaving van 
lichaamshouding bij zowel dieren199;200 als 
mensen.42;201
Daarnaast zou er uitgebreider onderzoek 
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gedaan moeten worden naar de oorsprong van 
de first trial reactie. Dit zou uitgevoerd kunnen 
worden door de reactie op verschillende 
manieren uit te lokken (bijvoorbeeld door 
een prikkeling van de tastzin, of van het even­
wichtsorgaan) en hierbij verschillende intens­
iteiten te gebruiken. Daarbij zou gekeken 
moeten worden of er vroege verschillen zijn 
tussen de first trial reactie en de daaropvol­
gende tweede balansreactie. Dit zou kunnen 
leiden tot betere inzichten in de locatie en de 
benodigde intensiteit van de trigger van first 
trial reacties.
Ook verdient het aanbeveling om meer 
onderzoek te doen naar de invloed van de 
deceleratie van de huidig beschikbare kantel- 
platformen op de onderzochte balansreac­
ties. Het kantelplatform dat werd gebruikt 
voor de meeste experimenten die beschreven 
staan in dit proefschrift, biedt een uitstekende 
en gecontroleerde techniek voor het uitda­
gen van de balanshandhaving. Echter, recent 
onderzoek heeft aangetoond dat de huidige 
platformen niet alleen gebruik maken van de 
versnelling van de platformbeweging om de 
houdingsreacties uit te dagen, maar dat de 
daarop volgende fase van afremmen ook een 
effect op de balansreacties heeft. Toekomstige 
experimenten zouden ook een andersoortig 
beweegbaar platform moeten gebruiken dat in 
staat is om over langere afstanden te bewegen 
en daarmee dus in staat is om de vertraging 
van het platform voor een langere periode uit 
te stellen.
Klinische relevantie
De bevindingen die gedaan zijn in de onder­
zoeken die gepubliceerd zijn in dit proef-
schrift, zijn niet alleen van nut voor het begrip 
van balansreacties. De bevindingen zouden 
ook consequenties kunnen hebben voor de 
dagelijkse klinische praktijk.
Diagnostische bruikbaarheid voor de ziekte 
van Parkinson.
Verschillen in first trial reacties tussen popu­
laties van patiënten en gezonde controleper- 
sonen zijn tot op heden niet beschikbaar. 
Toekomstige studies zouden daarom moeten 
onderzoeken of de analyse van first trial reac­
ties leidt tot een beter onderscheid tussen 
patiënten met balansproblemen en gezonde 
controlepersonen, vergeleken met het gebruik 
van gehabitueerde balansreacties tijdens een 
serie van balansverstoringen. Hiermee zouden 
valneigingen beter geïdentificeerd kunnen 
worden, bijvoorbeeld bij parkinsonpatiënten, 
waarvan bekend is dat ze tot vijf keer vaker 
vallen dan gezonde leeftijdsgenoten.13 De 
eerste resultaten van een vervolgstudie sugge­
reren dat verschillen in balansreacties tussen 
parkinsonpatiënten en controlepersonen 
veel groter zijn met gebruik van de first trial 
reactie en de daaropvolgende twee tot drie 
reacties, ten opzichte van de volledig gehabi- 
tueerde reacties. De vraag rijst of deze vergrote 
first trial reacties in parkinsonpatiënten en de 
verminderde snelheid van gewenning aan de 
verstoringen, veroorzaakt wordt door verster­
kte startle reflexen.
Angst om te vallen.
Naast directe invloed van een startle compo­
nent op uitkomstmaten als snelheid en mate 
van spieractiviteit, beïnvloedt de startle 
reflex ook de gedragshouding. Van startle is 
bijvoorbeeld bekend dat het angst kan doen
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toenemen218, waarmee een link met valangst 
gelegd wordt. Valangst wordt beschouwd 
als een belangrijke cognitieve factor die de 
balansprestatie kan veranderen. Significante 
veranderingen in de mate en de frequentie 
van de lichaamszwaai werden gezien wanneer 
personen bang zijn om te vallen219, bijvoor­
beeld wanneer men op de rand van een hoge 
afgrond staat.130 Daarnaast nemen amplitudes 
van long-latency reflexen na onverwachte 
rotaties van een kantelplatform toe wanneer 
proefpersonen op een hoog platform staan, 
vergeleken met lage platform hoogtes.115 Angst 
om te vallen komt vaak voor bij ouderen220 
en is met name uitgesproken in patiënten 
met aandoeningen waarbij balansproblemen 
optreden221, zoals de ziekte van Parkinson.222;223 
Hoe de sterk vergrote reactie op de eerste 
verstoring van het evenwicht zich verhoudt 
tot de ontwikkeling van valangst blijft een 
onderwerp van toekomstige experimenten. 
Bovendien zouden toekomstige experimenten 
onderzoek kunnen doen naar de relatie tussen 
veranderingen in valangst en verandering in 
de gevoeligheid voor startling stimuli. Angst 
en ongerustheid zouden de handhaving van 
balans kunnen beïnvloeden. Daarom zouden 
deze factoren beschouwd moeten worden als 
mogelijke verstorende variabelen, waarvoor 
gecontroleerd zou moeten worden of die in 
ieder geval gemeten zouden moeten worden 
tijdens posturografie experimenten. Dit wordt 
bijvoorbeeld relevant wanneer vergelijkingen 
gemaakt worden in balanshandhaving tussen 
groepen die verschillende niveaus van angst of 
ongerustheid laten zien, waarbij deze cogni­
tieve invloed de gevonden verschillen teniet 
kan doen of kan simuleren.6
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CONCLUSIE
De combinatie van geavanceerde posturografie 
technieken en hun toepassing in populaties 
met verschillende aandoeningen zou kunnen 
leiden tot nieuwe aanknopingspunten die onze 
kennis van de mechanismen die te grondslag 
liggen aan vallen in het dagelijks leven kan 
vergroten. Modulatie van specifieke elementen 
van de balanshandhaving in proefpersonen, 
gecombineerd met het gebruik van uitgestelde 
vertragingen van bewegende platformen en 
toegepast in verschillende patiëntenpopula- 
ties met balansproblemen, zou cruciale nieuwe 
inzichten kunnen opleveren in de bijdrage 
van verschillende risicofactoren voor vallen. 
Daarnaast zou modulatie nieuwe handvatten 
kunnen opleveren voor de vroege diagnose 
van balansproblemen en uiteindelijk kunnen 
leiden tot nieuwe methoden ter preventie van 
vallen.
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